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"La Patagonia! 
È  un ’amante difficile .  
Lancia il suo incantesimo. 
Un ’ammaliatrice! 
Ti stringe nelle sue braccia 
e non ti lascia più ."  
 (Bruce Chatwin) 
	  
TABLE	  OF	  CONTENTS	  	  
I	  	  
	  
 
TABLE	  OF	  CONTENTS	  	  
ABSTRACT ...................................................................................................................................... V 	  
1. INTRODUCTION ........................................................................................................................... 1 	  
2. STUDY AREA ............................................................................................................................... 4	  
2.1 GEOGRAPHICAL SETTING	  .......................................................................................................................................	  4	  
2.2. GEOLOGICAL SETTING	  .............................................................................................................................................	  7	  
2.2.1.  The Quaternary marine successions	  ........................................................................................................	  15	  
2.3. CLIMATE	  ...........................................................................................................................................................................	  36	  
2.3.1. Precipitation	  .............................................................................................................................................................	  38	  
2.3.2. Temperature	  ...........................................................................................................................................................	  40	  
2.3.3. Tides	  ...........................................................................................................................................................................	  42	  
2.4. OCEANIC CURRENTS	  ..............................................................................................................................................	  43	  	  
3. PREVIOUS KNOWLEDGE ON STABLE ISOTOPES AND TRACE ELEMENTS OF MARINE 
MOLLUSCS OF THE ARGENTINE ATLANTIC COAST ................................................................ 56	  
3.1. STABLE ISOTOPES STUDIES ON MARINE MOLLUSCS OF ATLANTIC COAST OF 
ARGENTINA	  .............................................................................................................................................................................	  56	  
3.2. STABLE ISOTOPES FOR PALEOCLIMATIC STUDIES FROM OTHER ARCHIVES FROM 
ARGENTINA	  .............................................................................................................................................................................	  69	  
3.2.1. Continental mollusc shells	  ...............................................................................................................................	  69	  
3.2.2. Marine microfossils	  ..............................................................................................................................................	  70	  
3.2.3. Sediment cores from lakes	  ..............................................................................................................................	  73	  
3.2.4. Carbonatic crusts	  .................................................................................................................................................	  74	  
3.3. TRACE ELEMENT STUDIES ON MARINE MOLLUSCS OF ATLANTIC COAST OF 
ARGENTINA	  .............................................................................................................................................................................	  75	  	  
4. STABLE ISOTOPE AND TRACE ELEMENT GEOCHEMISTRY ............................................... 76	  
4.1. STABLE ISOTOPES	  ...................................................................................................................................................	  76	  
4.1.1. General concepts	  .................................................................................................................................................	  76	  
4.1.2. Oxygen isotopes	  ...................................................................................................................................................	  80	  
4.1.3. Carbon isotopes	  ....................................................................................................................................................	  84	  
TABLE	  OF	  CONTENTS	  	  
II	  	  
4.1.4. Stable isotopes in biogenic carbonates: oxygen and carbon isotopes as paleoclimatic 
and paleoenvironmental proxies	  ................................................................................................................................	  87	  
4.2. TRACE ELEMENTS	  ....................................................................................................................................................	  92	  
4.3. DIAGENESIS OF SKELETAL CARBONATES	  .............................................................................................	  96	  	  
5. MATERIALS AND METHODS .................................................................................................... 98	  
5.1. SITE SELECTION, FIELD CAMPAIGNS AND SAMPLING METHODS	  .........................................	  98	  
5.2. CONSTRUCTION OF A GEOGRAPHICAL DATABASE OF SAMPLING POINTS	  ...............	  102	  
5.3. ECOLOGY AND DISTRIBUTION OF THE ANALYZED SPECIES	  .................................................	  104	  
5.3.1. Ameghinomya antiqua	  ....................................................................................................................................	  104	  
5.3.2. Mytilus edulis	  .......................................................................................................................................................	  109	  
5.3.3. Aulacomya atra	  ...................................................................................................................................................	  111	  
5.3.4. Nacella (Patinigera) deaurata	  .....................................................................................................................	  114	  
5.4. ANALYTICAL METHODS	  ......................................................................................................................................	  117	  
5.4.1. Sample preparation	  ..........................................................................................................................................	  117	  
5.4.2. Powder X-ray diffraction analysis	  .............................................................................................................	  118	  
5.4.3. Petrographic analysis	  ......................................................................................................................................	  123	  
5.4.4. Dating methods	  ..................................................................................................................................................	  123	  
5.4.4.1. Radiocarbon dating ............................................................................................... 123	  
5.4.4.2. U/Th dating ............................................................................................................ 125	  
5.4.5. Strontium isotope analysis	  ...........................................................................................................................	  126	  
5.4.6. Carbon and oxygen isotope analysis	  ......................................................................................................	  127	  
5.4.6.1. Mass spectrometry ................................................................................................ 127	  
5.4.6.2. Bulk isotopic analysis ............................................................................................ 129	  
5.4.7. Trace element analysis	  ..................................................................................................................................	  134	  
5.4.7.1. Sample preparation for trace element analysis ..................................................... 134	  
5.4.7.2. ICP-OES ............................................................................................................... 135	  
5.4.7.3. Trace elements results .......................................................................................... 137 	  
6. RESULTS .................................................................................................................................. 138 
6.1. XRD POWDER ANALYSIS	  ...................................................................................................................................	  138	  
6.1.1. XRD powder analysis on Ameghinomya antiqua	  .............................................................................	  140	  
6.1.2. XRD powder analysis on Mytilus edulis	  ................................................................................................	  143	  
6.1.3. XRD powder analysis on Aulacomya atra	  ............................................................................................	  145	  
6.1.4. XRD powder analysis on paleosols	  .........................................................................................................	  146	  
6.2. PETROGRAPHIC ANALYSIS	  .............................................................................................................................	  148	  
6.3. STABLE ISOTOPE (oxygen and carbon) COMPOSITION OF MARINE SHELLS	  .................	  152	  
TABLE	  OF	  CONTENTS	  	  
III	  	  
6.3.1. Stable isotope composition of modern marine shells	  .....................................................................	  152	  
6.3.1.1. Ameghinomya antiqua shells ................................................................................ 152	  
6.3.1.2. Mytilus edulis shells .............................................................................................. 155	  
6.3.1.3. Aulacomya atra shells ........................................................................................... 158	  
6.3.2. Stable isotope composition of Holocene marine shells	  .................................................................	  161	  
6.3.2.1. Stable isotope composition of Holocene Mytilidae shells in Camarones North .... 162	  
6.3.2.2. Stable isotope composition of Holocene Ameghinomya antiqua shells in 
Camarones South .............................................................................................................. 166	  
6.3.2.3. Stable isotope composition of Holocene Mytilus edulis shells in Camarones South
 ........................................................................................................................................... 171	  
6.3.2.4. Stable isotope composition of Holocene Ameghinomya antiqua shells in Bahia 
Bustamante ........................................................................................................................ 176	  
6.3.2.5. Stable isotope composition of Holocene Ameghinomya antiqua shells in Bahia 
Solano ................................................................................................................................ 181	  
6.3.2.6. Stable isotope composition of Holocene Ameghinomya antiqua shells in Caleta 
Olivia .................................................................................................................................. 186	  
6.3.3. Stable isotope composition of Pleistocene marine shells	  ............................................................	  191	  
6.3.3.1. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in 
Camarones area ................................................................................................................ 191	  
6.3.3.2. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in Bahia 
Bustamante area ................................................................................................................ 198	  
6.3.3.3. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in Caleta 
Olivia area .......................................................................................................................... 204	  
6.4. TRACE ELEMENT ANALYSIS OF MARINE SHELLS	  ...........................................................................	  209	  
6.4.1. Preservation state of marine shells	  ..........................................................................................................	  209	  
6.4.1.1. Manganese content .............................................................................................. 209	  
6.4.1.2. Uranium content and U/Th dating method applied to marine molluscs ................ 210	  
6.4.1.3. Barium content ...................................................................................................... 212	  
6.4.1.4. Iron content ........................................................................................................... 212	  
6.4.1.5. Magnesium and strontium content ........................................................................ 213	  
6.4.2. Trace element concentration on modern marine shells	  ................................................................	  215	  
6.4.2.1. Trace element analysis of the modern shells Ameghynomia antiqua ................... 215	  
6.4.3. Trace element concentration on fossil marine shells	  .....................................................................	  226	  
6.4.3.1. Trace element composition of Holocene Mytilidae shells in Camarones North .... 226	  
6.4.3.2. Trace element composition of fossil Ameghinomya antiqua shells in Camarones 
area .................................................................................................................................... 235	  
6.4.3.3. Trace element composition of fossil Ameghinomya antiqua shells in Bahia 
Bustamante area ................................................................................................................ 246	  
6.5. STRONTIUM ISOTOPIC COMPOSITION OF MARINE SHELLS	  ...................................................	  254	  	  	  	  
TABLE	  OF	  CONTENTS	  	  
IV	  	  
7. DISCUSSION ............................................................................................................................ 256	  
7.1. PRESERVATION STATE OF MARINE SHELLS	  ......................................................................................	  256	  
7.2. MODERN MARINE SHELLS: STABLE ISOTOPE COMPOSITION AND TRACE ELEMENT 
CONCENTRATIONS	  .........................................................................................................................................................	  258	  
7.3. FOSSIL MARINE SHELLS: STABLE ISOTOPE COMPOSITION AND TRACE ELEMENT 
CONCENTRATIONS	  .........................................................................................................................................................	  266	  
7.3.1. Stable isotope composition and trace element content of Holocene Mytilidae shells in 
Camarones North	  ...........................................................................................................................................................	  266	  
7.3.2. Stable isotope composition of Holocene Mytilidae shells in Camarones area	  .................	  270	  
7.3.3. Stable isotope changes in Ameghinomya antiqua shells during the Holocene	  ................	  272	  
7.3.4. Stable isotope composition and trace element concentrations of Pleistocene 
Ameghinomya antiqua shells	  ....................................................................................................................................	  274	  	  
8. CONCLUSIONS ........................................................................................................................ 279 
REFERENCES .............................................................................................................................. 284	  
Appendix A ................................................................................................................................... 303	  	  
 
	  V	  	  
ABSTRACT 
 
The present study aims a better understating of the paleoceanographic, paleoclimatic and 
paleoenvironmental conditions of the Patagonia Atlantic coast in the in the vicinity of San 
Jorge Gulf (Chubut and Santa Cruz Provinces, Argentina) through the study of the 
geochemistry (stable isotopes and trace elements) of molluscs collected in the late 
Quaternary marine deposits. 
On the basis of XRD powder analysis, petrographic and trace element screening tests 
(comparison between marine shells and paleosols), a large dataset of unaltered bivalves 
with aragonite (Ameghinomya antiqua species) or mixed aragonite-calcite (Mytilus edulis 
and Aualcomya atra species) composition of the shells was identified. 
Analytical data definitively demonstrate the suitability of Ameghinomya antiqua and 
Mytilidae family specimens as potential proxies for paleoclimatic studies. Oxygen isotopic 
composition of modern Mytilus edulis in the study area is progressively more positive 
moving southward. The isotopic composition on modern mussels along the Atlantc coast 
of Patagonia seems to reflect the changes in seawater temperature. Stable isotope 
(13C/12C and 18O/16O ratios) and trace elements (Ba/Ca, Sr/Ca, Mg/Ca, Mn/Ca, Fe/Ca) 
data indicate large variability of modern condition in the gulf, but in the past too systematic 
differences between old beach ridges sets existed and can be interpreted as substantial 
different paleoceanographic conditions, partly related also to local mixing with freshwater. 
Paleontological and geochemical data indicate that the Holocene and the previous 
interglacial appear consistently different from the present. In particular they seem to 
contain molluscs indicating a stronger influence of the warm and saltier Brazil current in 
the area and, then, fluctuations in the relative position between the two surface currents 
(Brazilian and Malvinas) over the time. 
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RIASSUNTO 
 
 
Il progetto di ricerca svolto, è inserito in un più ampio progetto di ricerca finanziato 
dall’Università di Pisa e dal Ministero dell'Istruzione, dell'Università e della Ricerca in 
collaborazione con varie Università argentine che prevede lo studio della costa atlantica 
della Patagonia argentina durante il tardo Quaternario per ottenere delle ricostruzioni 
paleoambientali e paleoclimatiche di elevata risoluzione. Questo progetto è focalizzato 
sullo studio degli effetti delle variazioni del livello marino e del clima sull’ambiente costiero 
attraverso ricostruzioni paleogeografiche, paleoecologiche, paleobiogeografiche e 
paleoambientali su un’area selezionata della costa della Patagonia (Argentina) usando 
metodi geomorfologici, stratigrafici, paleontologici e geochimici.  
L’area costiera della Patagonia è una regione remota che offre una straordinaria 
opportunità di studio dell’evoluzione climatica essendo l’unico tratto costiero dell’emisfero 
sud che si estende, quasi senza soluzione di continuità, dai tropici all’Antartide. 
La maggior parte della costa atlantica della Patagonia è dominata dalla corrente fresca e a 
bassa salinità delle Malvinas (Falkland), mentre più a nord è caratterizzata dall’interazione 
con la Corrente Brasiliana più salata e calda.  
Queste condizioni rendono la regione costiera un sito di importante scambio di acqua e 
calore tra l’Oceano Meridionale e i bacini subtropicali. 
La posizione della confluenza tra le Correnti Brasiliana e delle Malvinas (BMC) migra 
latitudinalmente alla scala stagionale e pluriannuale, anche se poco è stato compreso 
circa le dinamiche che guidano queste variazioni su scala temporale più lunga.  
Fin dai lavori pioneristici di Darwin e dalle ricostruzioni di Feruglio, i depositi costieri 
patagonici hanno attratto molti ricercatori per il loro notevole contenuto in molluschi, che in 
tempi recenti hanno offerto dati fondamentali riguardo l’evoluzione paleobiogeografica e 
paleoceanografica della costa atlantica. 
Tuttavia, non esistono sistematiche ricerche che utilizzino proxies geochimici (es. isotopi 
stabili ed elementi in traccia) su questi archivi naturali. 
In questo studio sono state proposte per la prima volta ricostruzioni paleoambientali e 
paleoclimatiche basate su analisi geochimiche (isotopi stabili ed elementi in traccia) di 
gusci di molluschi marini provenienti da depositi di spiaggia tardo quaternari affioranti 
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lungo la costa Atlantica della Patagonia Argentina al fine di comprendere gli effetti delle 
variazioni climatiche sull’ambiente costiero.  
Nello specifico, il presente lavoro si concentra sulla costa atlantica patagonica in 
prossimità del Golfo di San Jorge (Province del Chubut e di Santa Cruz), dove affiorano 
successioni spettacolari di beach ridges, depositi di spiaggia sopraelevati, al cui interno 
sono molto frequenti accumuli di organismi marini trasportati sulla costa da tempeste. 
Sebbene questi accumuli siano molto diversificati, i molluschi costituiscono l’elemento 
dominante.  
Questi depositi e il loro contenuto fossilifero costituiscono dei potenziali archivi per 
studiare le condizioni paleoclimatiche e paleoceanografiche dell’area e per ricostruire la 
circolazione costiera e le possibili variazioni locali nel contributo di acque continentali, 
poiché le correnti Brasiliana e delle Malvinas (Falkland) sono caratterizzate da una 
marcata differenza in salinità e temperatura che può essere tracciata attraverso l’utilizzo di 
analisi geochimiche sui gusci dei molluschi marini. 
Durante il dottorato sono state compiute due campagne di circa un mese ciascuna in 
Patagonia che hanno riguardato il rilevamento geologico e geomorfologico ed il 
campionamento di circa 500 campioni di sedimento, paleosuoli e fossili prelevati dai 
depositi costieri di quest’area. Durante il lavoro di rilevamento e campionamento sono stati 
acquisiti tramite GPS oltre 1000 punti, grazie ai quali, è stato creato e implementato un 
database geografico costruito con ArcGIS® in cui sono state inserite la posizione dei 
punti, le descrizioni dei campioni raccolti ed è stato effettuato un collegamento ipertestuale 
attraverso cui visualizzare le fotografie scattate per ogni punto di campionamento. È stata 
eseguita, inoltre, prima dello svolgimento delle campagne, un’analisi di remote sensing, in 
cui, attraverso Google Earth, sono state individuate le principali forme del terreno (beach 
ridges, piattaforme in roccia, terrazzi marini e fluviali, ….) in modo da avere poi in 
campagna una migliore idea della geomorfologia dell’area.  
Durante le campagne particolare attenzione è stata rivolta alla raccolta di campioni di 
molluschi ben conservati (preferibilmente a valve chiuse) e sono stati campionati i taxa più 
comuni tra le varie successioni per avere il massimo grado di confrontabilità dei dati. Per 
ogni unità sono state campionate più singole unità di beach ridges per verificare la 
variazione entro una fase trasgressiva-regressiva.  
Durante il dottorato sono stati preparati (puliti e macinati) per le varie analisi circa 600 
esemplari di Bivalvi. Per ogni stazione di campionamento, infatti, sono stati preparati da 
due a dieci esemplari. Per confermare l’assenza di alterazione degli stessi sono state 
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eseguite analisi diffrattometriche che hanno permesso di valutare che la conchiglia dei 
Bivalvi (attuali, olocenici e pleistocenici) avesse mantenuto l’originale composizione 
aragonitica o mista calcitico-aragonitica e non ci fosse stata una parziale ricristallizzazione 
in calcite. Il grado di alterazione dei Bivalvi è stato osservato anche tramite il contenuto in 
Mn, poiché questo elemento in traccia dà indicazioni sull’alterazione dei carbonati marini 
da parte di acque meteoriche (che contengono ≈ 40 volte più Mn dell’acqua di mare). 
Poiché sia i campioni attuali sia gli esemplari fossili mostrano un bassissimo contenuto in 
Mn, è possibile escludere la contaminazione da acque meteoriche per i bivalvi analizzati. 
Attraverso l’analisi delle sezioni sottili è stato possibile osservare i due strati (interno ed 
esterno) di cui è composta la conchiglia della Venus antiqua ed è stato possibile stabilire 
che le alterazioni del guscio, quando osservabili, sono presenti solo all’interno dello strato 
esterno. 
Per migliorare il quadro cronologico e stratigrafico dell’area di studio sono state effettuate, 
inoltre, 48 datazioni con il metodo del 14C per fossili e sedimento di presunta età olocenica 
e 8 datazioni con il metodo U/Th su Bivalvi provenienti da cordoni pleistocenici. Datazioni 
su Molluschi ottenute con il metodo U/Th sono molto discusse in letteratura, in quanto il 
metodo sopra citato non è considerato attendibile se effettuato su Molluschi (a differenza, 
per esempio, dei Coralli), a causa dell’acquisizione da parte degli stessi dell’Uranio in fase 
diagenetica.  
Durante il Dottorato, tuttavia, l’attività di ricerca principale ha riguardato lo studio degli 
elementi in traccia (circa 150 analisi) e l’analisi degli isotopi stabili (δ18O e δ13C) sulle 
conchiglie di Bivalvi di età variabile tra l’attuale ed il Pleistocene medio (circa 500 analisi) . 
Questi dati, considerati complessivamente, indicano chiaramente che i dati geochimici 
possono essere uno strumento potente per la ricostruzione regionale delle correnti marine. 
Sulla base di analisi diffrattometriche ai raggi X, petrografiche e degli elementi in traccia, 
confrontando le conchiglie marine con i paleosuoli, è stato identificato un ampio set di 
bivalvi inalterati a guscio aragonitico (Ameghinomya antiqua) o misto calcitico-aragonitico 
(Mytilus edulis e Aulacomya atra).   
I dati analitici dimostrano definitivamente l’attitudine di A. antiqua (mai utilizzata per studi 
di carattere geochimico) e dei Mitilidi come possibili proxies per studi paleoclimatici.  
La composizione isotopica dell’ossigeno dei gusci attuali di Mytilus edulis nell’area di 
studio è progressivamente più positiva andando verso sud.  La composizione isotopica dei 
mitilidi lungo la costa atlantica della Patagonia sembra riflettere le variazioni nella 
temperatura dell’acqua di mare, mentre la sua salinità rimane pressoché costante in tutta 
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l’area analizzata. Gli isotopi stabili (rapporti 13C/12C and 18O/16O) e gli elementi in traccia 
(Ba/Ca, Sr/Ca, Mg/Ca, Mn/Ca, Fe/Ca) indicano una grande variabilità nelle condizioni 
attuali all’interno del golfo, ma anche nel passato hanno avuto luogo differenze 
sistematiche tra set di antichi beach ridges, che possono essere interpretate come 
condizioni paleoceanografiche sostanzialmente differenti, in parte connesse anche a 
mescolamenti con acque dolci.  
Dati paleontologici e geochimici indicano che l’Olocene e il precedente interglaciale 
appaiono differenti dall’attuale. In particolare, sembrano contenere molluschi indicativi di 
un’influenza maggiore della corrente Brasiliana calda e salata nell’area e, quindi, di 
fluttuazioni nella posizione relativa tra le due correnti oceaniche superficiali (Brasiliana e 
delle Malvinas) nel tempo. 
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1. INTRODUCTION  
 
The problem of global warming and the impact it is making and can make in the future 
climate and the environment are very important topics (CO2 release, melting glaciers, 
sea level rise) and engage in a decisive way the Earth Sciences also in order to 
propose possible future climate scenarios and then evaluate strategies for mitigating 
plan. 
In this context the study of past changes of climate and paleoenvironmental evolution 
is strategic.  
The reconstruction of the climates and environments features of the past is crucial to 
understanding the influence that climate changes have on the evolution of the 
biosphere, hydrosphere and atmosphere. Many natural systems, in fact, are climate 
depending and various methods of investigation can be used in order to obtain 
important information on the paleoclimate. These include the stable isotope and trace 
element geochemistry (e.g. Dodd, 1965; Mook, 1971; Wefer & Berger, 1991; Klein et 
al., 1996; Takesue & Van Geen; 2004; Gillikin et al., 2005; Lorrain et al., 2005; Freitas 
et al., 2008 Schone et al., 2011). 
The Patagonia is the only continental landmass emerging along the mid to low-
latitudes in the Southern Hemisphere representing a unique region of the world. 
Patagonia represents a key area for understanding the role of the Southern 
Hemisphere in regulating climate during the last hundredth of thousand years. Overall, 
the collection of climatic data from Patagonian on land and on coastal deposits is of 
paramount importance for a complete understanding of climatic system. This is further 
highlighted by the fact that Patagonia not only offers a uniquely southern location, but 
the area is blown by the southern Westerlies, the dynamic component of the 
atmospheric circulation of the Southern Hemisphere. Furthermore its Atlantic coast is 
extremely interesting from a biogeographic point of view, as it is located between the 
marine zoographic provinces Argentinean and Magellanean and close to a surface 
currents convergence zone (Brasil-Malvinas confluence zone). It has been suggested 
that these provinces have been influenced by progressive weak latitudinal shifts during 
climate changes of the relative position of the surface currents (Aguirre, 2003). 
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The Atlantic coast of Patagonia preserves an impressive geological record of the 
glacial events and sea-level oscillations. The Quaternary coastal deposits, often 
organised in spectacular successions of raised beaches, contain an almost unexplored 
archive of past climate. These natural archives can offer precious information on local 
relative sea-level changes, tectonic and glacial isostasy component, and fundamental 
information on past surface ocean conditions and, through the study of the continental 
deposits related to beach ridge systems, information also on terrestrial climate. These 
deposits have been partially studies mainly with the purpose to reconstruct relative 
sea-level changes (Schellmann & Radtke, 2000) and/or disentangle the 
isostatic/tectonic component (Codignotto et al., 1992; Rostami et al., 2000); on the 
contrary they are practically unexplored as climatic archives (Isla & Bujalesky, 2008). 
Most of these deposits preserve rich and diversified fossil assemblages usually in the 
form of storm accumulations potentially very useful for paleoclimatological and 
paleoecological studies and to perform dating. In particular, the molluscs associations 
are good indicators for environmental parameters (substrate, depth, energy conditions) 
and changes in paleoclimate. 
This study is is part of a larger research project, funded by the University of Pisa 
(Progetto Ateneo 2007) and the Ministry of Education, University and Research (PRIN 
2009). 
The aim of the PhD project focuses on the study of the effects of climate changes on 
the coastal environment through paleoenvironmental and paleoclimatic reconstructions 
based on the study of the geochemistry (stable isotopes and trace elements) of 
molluscs collected in the late project. The principles and techniques of stable isotopes 
and trace element geochemistry are applied to marine molluscs. The applicability of 
stable isotopes and other geochemical investigations are related on samples 
characterized by a low degree of alteration. So XRD and petrographic analyses have 
been used for inferring the shells preservation state. In addition detailed study of 
possible diagenitic overprint was undertaken also analysing carbonate-enriched soil 
horizons (Bk) present in the area used as proxy of potential fluid generating diagenetic 
alteration along with the analyses of modern, unaltered, molluscs shells collected in 
the area.  
This project wants, then, provide new data for understand climate system in this 
strategically located region of the world. The results are important since the 
Patagonian coast is an environment of high natural values (however, it is threatened 
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by oil exploitation, mining and increasing tourism) and represents a natural heritage 
that need to be preserved for future generations as reserve of marine and terrestrial 
biodiversity.  
This thesis is divided into three basic parts. The first describes the study area, the 
state of the art and the principles and techniques of stable isotopes and trace element 
geochemistry applied to marine molluscs for paleoclimatic reconstructions. The 
second part is devoted to the description of materials and analytical techniques used 
for the acquisition and processing of data. Finally, the third part describes and 
discusses the obtained results. 
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2. STUDY AREA 
2.1 GEOGRAPHICAL SETTING 
 
Patagonia represents the southernmost region of the South American continent and 
it extends from 37° S to Cape Horn, at 56° S, including the areas of southern 
Argentina and Chile (Fig. 1). With a surface area of approximately 790000 km2, 
politically the region is divided in Argentinean Patagonia, to the east (it covers the 
provinces of Río Negro, Neuquén, Santa Cruz, Chubut and Tierra del Fuego) and 
the Chilean Patagonia, to the west (the Republic of Chile considers its Patagonian 
sector as that territory extending along the western slope of the Andes, from 43° S, 
in the province of Palena, and the southernmost archipelagos in the Cape Horn 
area, including the XIth (Aysén) and XIIth (Magallanes) administrative regions). 
The natural boundaries of Patagonia are the Barrancas and Colorado rivers, the 
Provinces of Mendoza and La Pampa and the south portion of Buenos Aires 
Province to the north, the Andean Cordillera and the Republic of Chile to the west, 
the Atlantic Ocean to the east and the Beagle Channel and the Chilean Navarino 
Island archipelago to the south (Fig. 1). 
Its main geographic feature is the Andean Cordillera, which is both the continental 
watershed and, in many areas, the international boundary between Argentina and 
Chile. It includes the Pacific and Atlantic lowlands and coasts, the southern 
archipelagos, and the valleys, tablelands and high plains extending between the 
Andes and the Atlantic Ocean. 
The population density in Patagonia is approximately 1-2 persons per km2, making 
it one of the most sparsely populated regions in the world. 
Patagonia is also home to the Northern and Southern Icefields. The Northern 
Icefield runs for nearly 200 km and covers a surface of 4200 km2. The Southern 
Icefield is over 350 km long and has a surface of approximately 13000 km2. These 
icefields are located along the Andes at an average altitude of 1500 meters. 
Located mainly in Chile, some branches of the Southern Icefield extend into 
Argentina. 
This region consists of an Andean zone (also called Western Patagonia) and the 
main Patagonian plateau south of the Pampa, which extends to the tip of South 
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America. The surface of Patagonia descends east of the Andes in a series of broad, 
flat steps extending to the Atlantic coast. The landscape is cut by eastward-flowing 
rivers, some of them of glacial origin in the Andes that have created broad valleys 
and steep-walled canyons. 
 
Figure 1 – Location map. Patagonia, main geographical regions (Rabassa & 
Coronato, 2009). 
 
 
Other features of Patagonia include a series of basins, some of which contain lakes, 
nestled between the Patagonian Andes and the plateau, and volcanic hills in the 
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central plateau west of the city of Río Gallegos. 
Specifically, the study area is located in the Golfo San Jorge and its immediate 
surrounding areas along the Atlantic coast of Patagonia (Figs. 1-2). The San Jorge 
basin is located in central Patagonia, between latitude 44º and 47º S and, politically, 
it lies on both the Santa Cruz and Chubut provinces and toward the east, on the 
continental shelf. The basin shows a clear elongated shape in the E-W direction.  
 
 
Figure 2 – Study area with main localities. 
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2.2. GEOLOGICAL SETTING 	  
The study area is located on the southern end of the South America Plate, which 
moving westward collides against the Nazca and the Antartic Plates (Coronato et al., 
2008). During the different tectonic regimes throughout time, four major tectono-
sedimentary domains developed on the South American continent (Fig. 3).  
The western continental margin of the South American Plate developed at least 
since Neoproterozoic to Early Paleozoic times and constitutes a convergent margin, 
along which eastward subduction of Pacific oceanic plates beneath the South 
American Plate takes place (Ramos, 1999). Through this process the Andean Chain 
developed. The eastern margin of the South American Plate forms a more than 
10000 km long divergent margin, which developed as a result of the separation of 
the South American plate and the African plate since the Mesozoic through the 
opening of the South Atlantic and the break up of Gondwana. The northern and 
southern margins of the South American Plate developed along transform faults in 
transcurrent tectonic regimes due to the collision of the South American Plate with 
the Caribbean and the Scotia plates (Fig. 3).  
Most authors agree about the participation of Patagonia in the Gondwana 
Supercontinent (i.e., Fitzgerald et al., 1990; Peroni et al., 1995).  On the contrary, 
Ramos (1984, 1996) proposes that Patagonia may, with the Antartic Peninsula and 
other smaller fragments, have been accreted to Gondwana along a northward-
dipping subduction zone during Middle to Late Permian. 
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Figure 3 – Major tectono-sedimentary provinces of the South American Plate (modified after 
Milani and Thomaz Filho, 2000). 
 
The Patagonian Platform (Fig. 4) mainly evolved during the Early Paleozoic and has 
been tectono-thermally active up to the Cenozoic. The Andes developed on the 
western continental margin of the plate, at least from the early Paleozoic on, and its 
evolution continues until today with active volcanism and seismicity due to 
continuous subduction of Pacific plates (Nazca and Antartic) beneath the South 
American Plate (Ramos, 1999; 2008).  
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Figure 4 – Regional location of Patagonia Platform with most important basement 
massifs: the Somún Cura (SC) and Deseado (D). Gu: Guyana, Bc: Brasil Central, At: 
Atlantico (Ramos, 2008, based on Almeida et al., 1976). 
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Patagonia extends over a basement, remainder of Gondwana. The Patagonia 
geological province contains a series of basement outcrops, mainly exposed along 
the eastern side of the Andes, which can be grouped in two distinct massifs 
(Leanza ,1958; Harrington, 1962): the Somún Cura and Deseado massifs (Fig. 4). 
The northern block known as the Somún Cura (or northern Patagonian) massif is 
bounded in the north by the Neuquén and Colorado basins (Fig. 5). The Somún 
Cura Massif is bounded to the south by the Cañadón Asfalto Basin (Fígari, 2005). 
This basin was formed by NE–SW extension prior to 160 Ma during the opening of 
the Weddell Sea (Ghidella et al., 2002; Ramos, 2004a). The Cañadón Asfalto Basin 
extends to the north beneath the basalts of the central part of Somún Cura as noted 
by Cortiñas (1996), who proposed that the Somún Cura is formed by two highs, one 
in the north with an east–west trend, and another with a N30° W trend, defined as 
the Chubut high, consistent with two igneous–metamorphic belts. The present 
southern border is enhanced by the subsidence of the San Jorge Basin, which is 
interpreted as an aulacogen (De Wit, 1977; Fitzgerald et al., 1990; Ramos, 1996) 
formed as a consequence of the Weddell Sea opening, and reactivated during the 
opening of the South Atlantic. The Somún Cura Massif consists of gneisses, mica 
schists and granitoid rocks associated with low-grade metamorphics of Middle 
Proterozoic age (Ramos, 1999). In the eastern zone of the Massif, clastic, marine 
sedimentary rocks of Early to Middle Paleozoic age are located and penetrated by 
Paleozoic plutonic rocks. This basement is covered by pyroclastic rocks and acid 
lavas of Early to Middle Mesozoic age. Eastward and toward southeast, marine 
sedimentary rocks linked to Tertiary transgressions are located. Necks, domes and 
alkaline-type basalts are the result of the intense Middle Tertiary volcanism. The 
Massif structure is characterized by large basement blocks with inclined semi-
grabens affected by the Andean orogeny (Ramos, 1999).  
The Deseado Massif is exposed south of the San Jorge Basin and is bounded by 
the Austral (or Magallanes) Basin to the south (Fig. 5). It presents a sub-positive 
relief, stable since the Paleozoic, with a basement formed by phyllites and schists of 
Late Proterozoic to Early Paleozoic age, intruded by Middle Paleozoic granitoids 
and sub-volcanic rocks. The series, in the east-central portion of the area, continues 
with continental sedimentary rocks deposited during Late Paleozoic and Early 
Mesozoic. In the same area outcrops the Patagonian Central Batholith, acid plutonic  
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rocks of Triassic to Jurassic age. Tertiary marine and continental sedimentary rocks 
are interbedded with rhyolitic volcanics and pyroclastic flows (Leanza, 1958). 
Northward, Jurassic-Cretaceous continental sedimentary rocks are located, while 
the younger sedimentary rocks outcrop along the margins of the massif. During the 
Cenozoic , volcanic activity continued, erupting basaltic flows forming the center of 
the massif. Over these rocks, alluvial Early to Middle Pleistocene sediments have 
been deposited.  
The structure of the Deseado Massif is characterized by subhorizontal Late 
Cretaceous to Cenozoic sequences; the Jurassic-Cretaceous rocks shows  intense 
fracturing whereas the basement shows a  strong deformation. 
Consequently, the Patagonia is composed by two large basement massifs, bounded 
by Mesozoic basins, which were mildly deformed by the Andean orogeny (Ramos, 
2004b). 
Along the Patagonian littoral zone the coasts developed over Tertiary sediments 
and, in the southernmost sector, over Pleistocene glacial deposits. The coast of 
Atlantic Patagonia consists of active cliffs reaching over 50-60 m high in Rio Negro 
more than 100 m high in Santa Cruz and ca. 70 m high in Tierra del Fuego with 
wave-cut platforms. Less often sandy and gravel beaches occur.  
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 Figure 5 – Main topographic features of Patagonia (Ramos, 2008). 
 
The San Jorge basin is located in central Patagonia, between latitude 44º and 47ºS 
and it consists of an intracratonic basin predominantly extensional, trending roughly 
in an east-west direction, from the Andean belt to the Atlantic Ocean (Fig. 6). The 
basement of the basin consists of a sedimentary-volcanic complex associated to a 
rift process of Middle to Upper Jurassic age (Fig. 7). These deposits cover almost 
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the entire Patagonia. This is the most extent but not the only unit that underlies the 
sedimentary column. Depending upon the relative position into the basin there also 
are Precambrian to early Mesozoic igneous rocks as well as late Paleozoic to 
Mesozoic sedimentary units (Ramos, 1999; Sylwan, 2001).  
Subsequently, the Neocomian sedimentary cycle took place under late rift 
conditions, synsedimentary filling grabens and half grabens, mostly continental but 
with some marine Pacific transgressions. After a regional tilt of the main axis of the 
basin, the Chubutian sedimentary cycle starts. During the Tertiary the basin shows 
an alternation of marine and continental deposits (Lema et al., 2001; Sylwan, 2001). 
The main phase of compression uplifts the N-S trending San Bernardo foldbelt by 
reactivating previous normal faults (Sylwan, 2001). The Quaternary deposits, very 
widespread in the whole Patagonia, represent drastic climatic changes, such as 
glaciations, and the consequent sea level fall (see Paragraph 2.2.1). 
Volcanic activity throughout the history of the basin is expressed in the high 
tuffaceous content of the entire column. 
 
 
Figure 6 – San Jorge Basin and present macrogeotectonic map of the region. Redrawn 
after Biddle et al., 1996. 
 
The sedimentary column is, at the basin center, thicker than 8,000 m, and is, in 
general, dominated by continental Mesozoic and Tertiary sediments (Lema et al., 
2001; Sylwan, 2001). 
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Figure 7 – The “Marifil Complex”, the oldest geological unit in the San Jorge Basin. 
 
The basin boundaries are the Somún Cura Massif to the north, the Deseado Massif 
to the south, the Cordillera de Los Andes to the west and the continental margin of 
the Atlantic Ocean to the east. Although the main features show a general E-W 
alignment as a result of a dominantly extensional tectonics, the San Bernardo 
foldbelt runs in the north-south direction, dividing the basin into two sectors, the east 
and the west ones. At its turn, the east sector is divided into the northern flank, the 
southern flank and the basin center. The offshore portion is considered to be a 
prolongation of the east sector (Baldi and Nevistic, 1996). 
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2.2.1.  The Quaternary marine successions 	  
Since the shallow marine molluscs analyzed within this PhD project come from the 
coastal Quaternary successions, particular attention is paid to the description of 
these deposits.  
The fossilferous unconsolidated marine deposits along the Atlantic coast of 
Patagonia are the result of several factors related to changes in sea level, isostatic 
compensation, glacio-eustasy and neotectonic episodes (Feruglio, 1950; Codignotto, 
1983; Cionchi, 1985; Codignotto et al., 1992; Clapperton, 1993; Peltier and Rostami, 
2000; Rostami et al., 2000; Isla and Bujalesky, 2008; Schellmann & Radtke, 2010) 
and are known since the second half of the XIX century, when D’Orbigny (1834-
1847; 1842-1844) studied fossil invertebrates contained within the deposits. Darwin 
(1846) also made reference to the marine deposits of southern Patagonia.  
The most complete descriptions of the chronology, stratigraphy, lithology and 
paleontology of Quaternary marine successions of Patagonia derived from the 
pioneering work of Feruglio (1933; 1949; 1950). He recognized a succession of six 
marine fossil terraces. He was the first to propose a classification in marine terraces 
(also known as MT in the literature) ranging from a height approximately of 8 to 186 
m above mean sea level (asl) (Fig. 8) and being (at least according Feruglio) more 
or less at the same height along the coast. In particular, Feruglio, although did not 
have modern dating techniques, interpreted the terraces as follows: the MTVI (+ 8-
12 m) of Holocene age, the MTV (+15-30 m), MTIV (+30-40 m), MTIII (+40-95 m) 
and MTII (+105-140 m) Pleistocenic in age and the MTI (+170-186) of Pliocene age. 
In the light of modern geochronological studies (Rutter et al., 1990), only four of 
these (MTIII-VI) are Quaternary, 3 of which have deposited during the Middle - Late 
Pleistocene (MTIII, IV and V) and one during the Holocene (MTVI). 
The marine terraces were subsequently studied from a geological, 
geomorphological, paleontological and geochronological point of view (Cionchi, 
1987; 1988; Codignotto, 1983; 1987; Rutter et al., 1990; Rostami et al. 2000; 
Schellmann, 2000; Schellmann & Radtke, 2000; 2003; 2007; 2010; Aguirre, 2003; 
Aguirre et al., 2005; 2006; 2009; Ribolini et al., 2010; Isola et al., 2011; Zanchetta et 
al., 2012). The ages obtained through U/Th and ESR dating (Schellmann & Radtke, 
2000; 2003) suggest that Pleistocene terraces have been deposited during at least 
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three marine highstands, which they interpret as being attributable to the Marine 
Isotope Stages 9/11, 7 and 5. 
 
Figure 8 - Stratigraphical synthesis of present knowledge of the Late Quaternary coastal 
deposits from Golfo San Jorge and correlation with other coastal areas of the SW Atlantic 
margin (Aguirre, 2003). 
 
Most of the "marine terraces", indeed, in this area are composed by successions of 
regressive coarse beach-ridges (“swash built ridges” sensu Tanner, 1995) mainly 
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related to intermittent storm activity. In wave-protected environments, instead, flat 
littoral terraces, consisting of sands or sandy gravels, outcrop. Beach ridges and 
marine terraces are usually interpreted as formed during phases of global marine 
highstand (Schellmann & Radtke, 2010). Another type of deposit outcropping in this 
area consists of valley-mouth terraces, terraces located at the mouth of “Cañadones” 
(dry valleys with periodical runoff), interfingerings of littoral sediments and fluvial 
deposits (Fig. 9). 
 
 
Figure 9 – Coastal deposits outcropping along the Atlantic coast of Patagonia (Schellmann & 
Radtke, 2010). 
 
Schellmann & Radtke (2010) describe beach ridges outcropping along the Atlantic 
coast as “well sorted, coarse (granule-sized to boulder-sized) sediment layers with 
numerous matrix-free, frequently reverse graded gravel beds”. These deposits show  
large scale cross stratification. Every beach ridge, usually, is separated by swales 
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often running parallel to the coastline. Most contain highly fossiliferous marine strata, 
with abundant shell concentrations recently studied by Aguirre (2003) and Aguirre et 
al. (2005; 2006; 2009). 
Mollusc shells represent the dominant biogenic elements within the fossil 
assemblages (80-95% according to Aguirre et al., 2008). The most abundant taxa 
are, among the bivalves, Mytilidae (mainly Mytilus edulis, Brachidontes purpuratus, 
Aulacomya atra), Pectinidae, Veneridae (i.e. Ameghinomya antiqua) and oysters 
and Patellacea, Muricidae and Volutidae among the gastropods (Tab. 1). Other 
macroinvertebrate taxa are represented by brachiopods, bryozoans, echinoderms, 
balanids, crabs, polyplacophors, scaphopods, polychaets and cnidarians (Aguirre & 
Farinati, 2000; Aguirre, 2003; Aguirre et al., 2005; 2006; 2008; 2009). 
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Table 1 – Molluscan fauna typical of Quaternary deposits of Atlantic coast of Patagonia. 
Groups I-IV refer to groups of species according to their modern distribution. Modern 
zoogeographical provinces: ANT = Antillean Province, ARG = Argentine Province, MAG = 
Magellanean Province. Group I: pandemic; II: tropical or subtropical; III: warm-temperate to 
temperate waters: IV: cold waters. W: water or warm-temperate affinity. C: cold water 
affinity (Aguirre et al., 2008). 
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In her studies Aguirre observes that the original habitat of the molluscs collected 
within the Quaternary marine successions was characterized by varied hard 
substrates, high-energy, shallow euhaline waters, similar to the modern littoral 
conditions of the Patagonian Atlantic coast. Comparing fossil assemblages with the 
modern associations also Aguirre notes minor taxonomic differences, different 
percentages of the taxa in common, size variation of some taxa (Ameghinomya, 
Tegula and Trophon, generally bigger in the Quaternary), shape variability of 
individual taxa linked to local environmental conditions (Tegula, Crepidula, 
Buccinanops, Pitar, Glycimeris, Brachidontes) and latitudinal changes (i.e. 
Littoridina australis, Tegula atra, Adelomenon, Ostrea tehuelcha) due to SST of the 
shallow water masses. 
Nevertheless, according to Aguirre et al. (2008), these differences are minor and 
seem to indicate that the Malvinas current (Paragraph 2.4) has been active in this 
area since at least the Mid-Late Pleistocene. Molluscs from Pleistocene deposits 
assigned to MIS 7 (MTIV), where Tegula atra and Ameghinomya antiqua are 
dominant, suggest colder SST than the Middle Holocene and the present. 
Throughout the study area the molluscan assemblage from MIS 5 (MTV) also 
indicate not warmer waters than at present (Aguirre et al., 2003, 2005, 2006, 2008). 
Aguirre (2001; 2002), however, highlights that during the Middle Holocene species 
of the groups II and III (tropical or subtropical and warm-temperate to temperate 
waters) were more abundant than in Late Pleistocene and at present, while typical 
cold water elements common at present were scarcer or absent. Aguirre (2002) 
ascribes this biogeographical change to the “Climatical Optimum” (Hypsithermal) 
that would be connected to a southward displacement of the warm Brazilian current 
(Paragraph 2.4) and a southward shift of the South Atlantic Anticyclonic Center. 
 
Below the most significant locations in the study area that have been treated within 
this thesis will be described (Fig. 2). 
Cabo Raso – Bahia Vera area (ca. 44°16’ S): this area is located on the Somún 
Cura Massif (Fig. 5), on the wave-exposed Chubut Province coast. The coast is 
dominated by gravely beach ridges and up to three distinctive Pleistocene beach 
ridge systems are preserved.  
Feruglio (1950) first described in this area an inner ridge at +40 m above m.s.l. as 
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MTIII, intermediate ridges at +28–40 m as MTIV, and at +20–26 m above m.s.l. as 
MTV, and the most exterior ridge at +10–12 m above m.s.l. as MTVI.  
Radtke (1989) assigned them a Middle Pleistocene, Last Interglacial and Holocene   
age, respectively. The ages (ESR, Th/U) obtained by Schellmann and Radtke 
(2000) for the Pleistocene terraces suggest at least three marine highstands which 
they interpreted as MIS 9 ?/11 (342–400 ka), MIS 7 (225 ka), and MIS 5 (125 ka) . 
The exterior terrace (MTVI) consists of gravel and loose sand with abundant, very 
well preserved molluscan shells, in most cases retaining their original color. The 
ages of the oldest Holocene beach ridges (at ca. 8 m above hTw according to 
Schellmann & Radtke, 2007) range between 3600 and 2600 14C years ago  
(Schellmann & Radtke, 2007; 2010), while lower beach ridges (5 m and 4 m a hTw) 
formed around 2200 and 1200 years BP (Fig. 10). 
 
 Figure 10 – Holocene beach ridges in Cabo Raso area (Schellmann & Radtke, 2010). 
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On the contrary, Ribolini et al. (2011) dated the Holocene maximum transgression 
in the Cabo Raso Bay at 6055 ± 20 years BP.  
 
Bahia Camarones (44°40’-44°59’ S): this locality, belonging to the Chubut 
Province, is characterised by different bays, cliffs and wave-cut platforms in the 
Mesozoic volcanic bedrock (“Marifil Complex, Fig. 7) and it is located on the 
southern border of the Somún Cura Massif (Fig. 5). In this area Feruglio (1950), as 
in Cabo Raso area, recognized four main littoral units: the inner ridge system, 
representing the oldest Pleistocene deposits (MTIII), is outcropping, with an 
elevation of 40 m above m.s.l., in the vicinity of Camarones and is composed of 
pebbles cemented by calcium carbonate and scarce molluscs like Ostrea tehuelcha, 
Mactra cf.patagonica, Pectinidae (Aguirre et al., 2006; 2008). This fossil 
assemblage suggests warmer conditions than at present (Aguirre et al., 2006; 2008). 
The ages for this unit correlate with MIS 9 or MIS 11 (Rostami et al., 2000; 
Schellmann & Radtke, 2000; Aguirre et al., 2006). The younger Pleistocene 
terraces (IV and V) are exposed both north and south of the village (Schellmann, 
1998; Rostami et al., 2000; Schellmann & Radtke, 2000; 2003; Aguirre et al., 2006) 
and are composed of sand, gravel and shells. The ages for the MTV range between 
92 and 135 ka (Schellmann, 1998; Rostami et al., 2000; Schellmann & Radtke, 
2000; 2003), while for the MTIV between 178 and 250 ka (Schellmann, 1998; 
Rostami et al., 2000; Schellmann & Radtke, 2000), correlating the MTV to MIS 5 
and the MTIV to MIS 7. These deposits are characterized by Tegula atra, Tegula 
patagonica, Crepidula dilatata, Mytilus edulis, Ameghinomya antiqua (biggest in 
MTIV), Brachidontes purpuratus (Aguirre et al., 2006; 2008). In a terrace located in 
the north of Camarones, Schellmann (1998) even assigns two sedimentary units of 
one fossil beach ridge system to isotopic substages 5c and 5e (Fig. 11). In the 
northern part of this area only the Last Interglacial has been identified. 
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Figure 11 – Last Interglacial terrace in the north of Camarones (Schellmann & Radtke, 2000). 
 
In the south of Camarones, on the contrary, a large number of datings (using both 
radiocarbon and Electron Spin Resonance dating methods) has been performed 
(Schellmann, 1998; Schellmann & Radtke, 2000; 2003; 2010), including Middle 
Pleistocene deposits (Fig. 12). 
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Figure 12 – Pleistocene and Holocene beach ridge systems south of Camarones 
(Schellmann & Radtke, 2003). 
 
 
Codignotto (1983) reported the first radiocarbon data on mollusc shells from the 
littoral deposits, which allowed to relate the lowest beach ridge system (MTVI) to the 
Holocene. 
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The oldest mid-Holocene beach ridges, which developed more than 6200 14C years, 
can reach elevations of 8.5-9.5 m a hTw (Schellmann & Radtke, 2010). Furthermore, 
in this area younger beach ridges were deposited after the Mid-Holocene 
transgression maximum (between 5300 and 6000 14C years) and between 2600 and 
3400 14C years. Finally, a second and a third group of beach ridges were deposited 
respectively about 2200 14C years ago and between 450 and 1400 14C BP 
(Schellmann & Radtke, 2010). 
Holocene littoral deposits are characterized by Brachidontes purpuratus, Nacella 
(Patinigera) magellanica, Nacella (Patinigera) deaurata, Aulacomya atra (Aguirre et 
al., 2006). According to these authors this variation in fossil assemblage is a 
consequence of changes in sea-surface temperature (about 1-2° C warmer during 
the Middle Holocene than today). 
As regards the Holocene deposits to the north of Camarones, no dating has been 
performed until the work of Zanchetta et al. (2012). The authors recognize a beach 
ridge system deposited at ca. 6600-5400 yr BP connected to a first phase of 
progradation of the coast. Two further phases of aggradation occurred, according to 
Zanchetta et al. (2012), between ca. 3300 and 2000 yr BP, and 1300-500 yr BP. 
 
Bahia Bustamante area (45°08’ S): this area is placed on the southern edge of the 
Somún Cura Massif (Fig. 5) and is probably one of the most interesting and studied 
areas of the Patagonia Atlantic coast (Feruglio, 1947; 1950; Cionchi, 1984; 1987; 
Radtke, 1989; Rutter et al., 1989; 1990; Schellmann, 1998; Rostami et al., 2000; 
Schellmann & Radtke, 2000; 2007; 2010; Aguirre et al., 2005; Isola et al., 2011). 
Nowadays gravely beaches, bays and abrasion platforms characterise the coast. In 
the south of Bustamante village, Peninsula Gravina and Peninsula Aristizabal, 
separated by Caleta Malaspina bay, are present (Fig. 13). While along the open 
coast gravely beach ridge sequences outcrop, in the area of Caleta Malaspina tidal 
flats, marshes and littoral terraces are present. 
The older Quaternary deposits dated by Schellmann (1998) yielded ages between 
196 ± 33 and 225 ± 25 ka at his northernmost profile from Bahia Bustamante (Figs. 
13, 16). 
Beach deposits correlated to MIS 5 outcrop north to the village of Bahia Bustamante 
(Fig. 14) and at Caleta Malaspina (Schellmann, 1998; Schellmann & Radtke, 2000).  
The oldest Bahia Bustamante Holocene beach ridges can reach, in this area, 10 m 
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a hTw of elevation (Fig. 15) and formed between 6200 and 6900 14C BP 
(Schellmann & Radtke, 2010), indicating the Holocene transgression maximum. 
Younger beach deposits formed about 5200 and 5400 14C BP, between 4500 and 
4000 14C BP, and approximately at 2200 14C BP (Schellmann, 1998; 2007; 
Schellmann & Radtke, 2000; 2010). Fossil assemblages of Bahia Bustamante 
Pleistocene and Holocene coastal deposits coincide with those of Camarones and 
are representative of hard substrates, truly marine conditions and shallow waters 
(Aguirre et al., 2005).  
 
 
Figure 13 – Quaternary coastal deposits in the area of Bahia Bustamante with sampling 
location of the Pleistocene terraces (Schellmann & Radtke, 2000). 
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Figure 14 – Holocene and Last Interglacial coastal deposits in 
the southern part of Bahia Bustamante area (Schellmann & 
Radtke, 2000). 
 
 
Figure 15 –Last Interglacial beach ridge system in the central 
part of Bahia Bustamante area (Schellmann & Radtke, 2000). 
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Figure 16 –Penultimate Interglacial beach ridge system in the nortern part of Bahia 
Bustamante area (Schellmann & Radtke, 2000). 
 
The work of geomorphological mapping the most recent and most comprehensive 
for the Bahia Bustamante area was performed by Isola et al. (2011). This work 
presents a very accurate 1:100,000 scale geomorphologic map based on landform 
recognition via remote sensing analysis, supplemented by field surveys and ground 
control points. 
Golfo San Jorge area (46° to 47°03’ S): this area is located in the San Jorge Basin 
(Fig. 5), the Santa Cruz Province on the border with Chubut Province. The Late 
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Quaternary deposits lie on Tertiary successions (Zambrano & Urien, 1970; Sylwan, 
2001), exposed in different abrasion platforms and cliffs and frequently constituted 
by marine deposits with enormous Ostrea patagonica shells. In this area Late 
Quaternary coastal deposits are described by Feruglio (1950), Codignotto (1983); 
Codignotto et al. (1988; 1990); Schellmann (1998); Aguirre et al. (2003); 
Schellmann & Radtke (2007; 2010). 
In Bahia Solano (Fig. 2), Codignotto et al. (1990) dated mollusc shells from three 
Holocene systems of littoral successions respectively at 1700-2700, 3800-5000 and 
5200-6500 yr BP (Fig. 17), while near Caleta Olivia (but without clear indications for 
the locations) Codignotto (1983) and Codignotto et al. (1988; 1992) dated single 
shells at 1550-6630 14C BP.  
 
Figure 17 – Chronostratigraphic scheme of Bahia Solano beach ridges (redrawn from 
Codignotto, 1990). 
 
North of Caleta Olivia, close to National Route 3 (Fig. 18), shells collected within a 
road section have been dated at 266 ± 36 and 496 ± 68 ka by Schellmann (1998) 
(Fig. 19). South of Caleta Olivia, always close to the National Route 3 (Fig. 18), 
mollusc shells from raised beach deposits yielded ages between 111 ± 30 and 157 
± 19 ka in the localities Pa 70 and 71 (Fig. 21) and ages between 172 ± 15 and 212 
± 26 in the localities Pa 124, 125, 126 (Fig. 20) (Schellmann, 1998). In the locality of 
Cantera Delgado, also studied by Aguirre et al.  (2003) from a paleontological point 
of view, Schellmann (2007) get 2 ESR dating, that allow to assign these deposits to 
MIS 5.  The elevation of raised beach deposits belonging to MIS 5 and MIS 7 is the 
same in this area (Schellmann, 1998; Schellmann & Radtke, 2003).  
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Figure 18 – Main sampling site in Caleta Olivia area 
(Schellmann, 1998). 
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Figure 19 – Pleistocene beach deposits north of Caleta Olivia (Schellmann, 1998). 
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Figure 20 – Pleistocene coastal deposits south of 
Caleta Olivia (localities 124-126, Schellmann, 1998). 
 
Figure 21 – Pleistocene coastal deposits south of Caleta 
Olivia (localities 70-71, from Schellmann, 1998). 
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Holocene coastal deposits have been studied by Schellmann (1998) north of Caleta 
Olivia, in the Punta Delgada locality (Fig. 22). In this area gravely beach ridges and 
littoral terraces are preserved and formed about 5200-5500 14C BP (Schellmann, 
1998; Schellmann & Radtke, 2003; 2010). 
 
Figure 22 – Holocene coastal deposits north of Caleta Olivia (Schellmann & 
Radtke, 2010). 
 
 
Figure 23 – Holocene beach ridges near Caleta Olivia (Schellmann & Radtke, 
2010). 
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Always north of Caleta Olivia, late mid-Holocene beach ridges are preserved and 
have an age of 4074 ± 34 14C BP (Fig. 23). 
The molluscan biodiversity of the Late Quaternary beach deposits in this area is 
lower than for the areas located northernmost and warm water taxa are not present 
(Aguirre et al., 2009). 
Puerto Deseado area (ca. 47°45 S): the city of Puerto Deseado (Fig. 2) is located 
on the Deaseado Massif (Fig. 5), in the Santa Cruz Province at the mouth of the Río 
Deseado. In this area abrasion platforms, steep cliffs, peninsulas and islands 
dominate the coast, while beach ridge systems are preserved only locally and 
mostly north of Puerto Deaseado. 
Pleistocene coastal terraces have been described, in this area, by Feruglio (1947; 
1950), Radtke (1989), Radtke et al. (1989) and Rutter et al. (1989; 1990). 
Feruglio (1950) recognized 5 systems of marine platforms and beach deposits, but 
only the last three are considered late Quaternary. Rutter et al. (1990), using ESR 
and Amino Acid dating methods, assign the oldest of the three systems (system IV) 
to the penultimate interglacial (or older), the intermediate (system V) to the last 
interglacial and the youngest to the Holocene.   
Radiocarbon date in Puerto Deseado have been performed for the first time by 
Schellmann (1998), which date the youngest Holocene beach ridge systems north 
of Puerto Deseado to about 1500 and 1300 14C BP (Pa 18 and 19, Fig. 24). 
 
Figure 24 – Holocene sampling sites in Puerto Deseado 
area. 
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Figure 25 – Holocene littoral terraces in the Ría Deseado 
(Schellmann &Rdatke, 2010). 
 
Along the Ría Deseado, the estuary of the Río Deseado, Holocene terraces are 
preserved. Schellmann (1998) and Schellmann & Radtke (2007) sampled and dated 
the oldest terraces to the mid-Holocene transgression maximum, while the next 
lower terraces formed about 3400-4400 14C BP and about 2400 14C BP (Figs. 24-
25). 
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2.3. CLIMATE 	  
Patagonia lies between the subtropical high-pressure belt and subpolar low-
pressure areas (Prohaska, 1976) and is completely included in the circulation zone 
of the southern westerlies (Fig. 26).  The Andes act as a topographic barrier, 
intercepting humid winds from the Pacific Ocean and defining a narrow western 
band (windward), with hyper-humid to humid climates, and a wider eastern area 
(leeward), where subhumid, semiarid and arid climates prevail. 
 
Figure 26 – Long-term mean CMAP precipitation and 925 hPa 
wind vectors for a) January and b) July (Garreaud et al., 2009). 
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It is difficult to define the Patagonian climate in a global climatic classification. 
Eastern Patagonia shows a dry climate with moderate thermal amplitude, whereas 
western Patagonia has a markedly oceanic climate (Fig. 27). 
The classification used by Coronato et al. (2008) is based on the superposition of 
three climatic elements: mean temperature, thermal amplitude and aridity index. 
The intersection or the superposition of the respective isolines defines climatically 
homogeneous areas. The code is: 
First term: Mean Annual Temperature (MAT) 
MAT > 10° C = Temperate (T) 
MAT < 10° C =Cold (C) 
 
Second term: Aridity Index (AI; UNESCO, 1977): mean annual rainfall/potential 
evapotranspiration 
AI < 0.2 = Arid (A) 
0.2 <AI < 0.5 = Semiarid (sA) 
0.5 <AI < 0.75 = Subhumid (sH) 
AI > 0.75 = Humid (H) 
 
Third term: Mean Annual Temperature Range (MATR) 
MATR > 16°C = Continental (c) 
16°C > MATR > 10°C = Transitional (t) 
10°C > MATR > 5°C = Oceanic (o) 
MATR < 5°C = Hyper-oceanic (o+) 
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 Figure 27 – Climates of Patagonia region (Coronato et al., 2008). 
 
2.3.1. Precipitation 	  
Precipitation is mostly caused by mid-latitude storms that closely track the axis of 
the westerly wind maximum in the middle and upper troposphere. West of the 
Andes, uplift of low troposphere moist air produces significant orographic rainfall, 
which acts in concert with frontal precipitation (Garreaud et al., 2009). Therefore, 
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the Andes produces a major rainshadow effect leeward, and mean annual 
precipitation decreases abruptly from west to east from ca. 1400 mm at the 
Argentina–Chile border to less than 250 mm on the Patagonian plateau, with 
absolute values below 100 mm in the central region (Fig. 28). Rainfall is evenly 
distributed throughout the year close to the Andes, whereas towards the east, 
precipitation is restricted to autumn and winter, especially in the northern and 
central areas up to 46°S, where vegetation is scarce (Mazzoni & Vazquez, 2010).  
Most of the extra-Andean Patagonia is situated within the winter maritime rainfall 
pattern, ruled by the northward displacement of the Southwestern Pacific 
anticyclone, which extends up to 46° S. 
In eastern Chubut, due to a modest influence of the Atlantic Ocean, there is not a 
defined rainfall season and to the north, east of Río Negro, the increase of summer 
rainfall anticipates the subtropical continental pattern of central and northern 
Argentina (Coronato et al., 2008). In the southern part of Patagonia and on the 
pacific coast until 47° S, a summer rainfall pattern is also recorded. 
The area is dominated by westerlies winds, permanent strong winds coming from 
the west and southwest and blowing across the entire region, with a mean annual 
velocity of more than 6 m/s and which are more intense in spring and summer, (Fig. 
26). The southern westerlies, extending through the entire troposphere and 
reaching a maximum speed (the jet stream) in the upper troposphere (Garreaud et 
al., 2009) shift seasonally, towards the pole in summer and towards the equator in 
winter (about lat. 30°S). The windiest area is located between 47° and 49 °S, where 
mean annual velocities reach more than 10 m/s (Barros et al., 1997). After crossing 
the Andean Cordillera, the westerlies create rain shadow conditions in the eastern 
side of the Patagonia and they limit the Atlantic influence, expanding the Pacific 
impact across the region. The middle and high cloudiness recorded in the Atlantic 
coast of Patagonia is residual cloudiness generated by the orographic precipitations 
along the Pacific coast. 
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Figure 28 – Mean annual precipitation in Patagonia (Mazzoni & Vazquez, 2010). 
  
2.3.2. Temperature 	  
Temperature variations are very considerable in Patagonia, from temperate to cold 
climate conditions from the north to the south, with annual means ranging between 
14 and 4 °C, respectively (Fig. 29).  
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Figure 29 – Average (1979-2006) surface air temperature (°C) during December-
January-February (DJF) and June-July-August (JJA) (Garcia et al., 2010). 
 
Differences in the solar radiation, changing from little above 180 W/m2 (annual 
average) in the northernmost stations (e.g. Neuquen) to 100 W/m2 in Tierra del 
Fuego (Paruelo et al., 1998), are significant. According to the increase in latitude, 
the relationship between the incoming summer solar radiation and that of winter 
increases progressively from 4:1 at Neuquen (39° S) to 13:1 at Ushuaia (55° S). 
Conversely, the temperature pattern follows an opposite pattern. The mean annual 
thermal amplitude varies from 16°C in the north to 8°C in the south (Coronato et al., 
2008). 
During the last two decades, a warming trend has been observed south of 46°S, both 
on the Pacific and Atlantic coasts (Rosenblüth et al., 1995). Since 1930 and 1940 a 
warming trend has been registered in the Orcadas del Sur and in Rio Gallegos. 
Temperature and precipitation characteristics determine a dominant steppe 
vegetation in this area. The most representative vegetation types are the grassy-
shrubby steppe of medium height (20-80 cm) and density, and dwarf cushion 
shrubs (5 to 20 cm) with scarce grasses and very low total cover (Leon et al., 1998). 
Vegetation in these ecosystems is distributed in a heterogeneous horizontal pattern 
of plant patches alternating with bare soil areas (Noy Meir, 1973). 
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Climatic characteristics largely influence the ecosystem structure and functioning in 
Patagonia, mainly through their effect on water dynamics (Leon and Facelli, 1981; 
Bertiller et al., 1995). Relative abundance of grasses and shrubs varies with the 
amount and annual distribution of precipitation: shrubs increase as precipitation 
decreases and the proportion of rain in winter increases, whereas grasses increase 
with increasing precipitation (Paruelo and Lauenroth, 1996). Herbs distribution, on 
the contrary, is influenced by local-scale factors (i.e. landscape structure, edaphic 
characteristics and land-use history; Jobbagy et al., 1996). 
Desertification processes started at the end of the nineteenth century with the 
settlement of wool growers in different areas. Overgrazing has been the main factor 
causing desertification (Mazzoni, 2010). 
 
2.3.3. Tides 	  
The Patagonian coast is dominated by macrotides (Isla et al., 2004; Isla & Bujalesky, 
2008), increasing inside gulfs or in relation to the width of the continental shelf (Fig. 
30). In this region tides are semidiurnal (Esteves et al., 2000). Within northern 
Patagonian gulfs beach dynamics is conditioned by short fetchs (Isla et al., 2001) 
and in the Golfo San Jorge tidal regime increases from mesotidal at entrance of the 
gulf to macrotidal at the westernmost coast (Isla et al., 2002). 
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Figure 30 – Tidal ranges and regimes along the Patagonia coastline 
(modified from Isla and Bujalesky, 1995). 
 
 
2.4. OCEANIC CURRENTS 	  
Ocean currents play an important role in modulating local and global climate 
patterns. South America climate is strongly influenced by oceanic currents in both 
Atlantic and Pacific oceans, but the eastern coast of South America shows a 
seasonal behavior not observed along the Pacific coast (Garcia et al., 2010) 
The upper ocean circulation in the southwestern Atlantic is dominated by the 
presence of the warm and salty southward flowing Brazil Current and the cold and 
relatively fresh northward flowing Malvinas (Falkland) Current (Fig. 31). 
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Figure 31 – Major ocean surface currents of the world (Pidwirny, 2006). Red arrows 
represent the warm currents; blue arrows represent the cold currents. 
The Brazil Current originates from the Atlantic South Equatorial Current (Fig. 31), 
which bifurcates into two warm currents traveling along the South America coast, 
the northward-flowing Northern Brazil and Caribbean Currents, and the southward-
flowing Brazil Current, and runs south along the coast of Brazil from about 9°S to 
about 38°S (Stramma et al., 1990; Podesta et al., 1991). It is generally confined to 
the upper 600 m of the water column. When the Brazil Current reaches about 33-
38° S, it collides with the Malvinas Current (Fig. 32). The Brazil Current is then, in 
part, deflected to the east offshore of Rio de la Plata, a region known as the Brazil-
Malvinas Confluence Zone (Gordon and Greengrove, 1986), one of the most 
energetic regions in all the oceans (Sarceno et al., 2004). 
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Figure 32 – Map of marine currents along the Patagonian Atlantic coast adapted from 
Piola and  Matano (2001). Red arrows represent the warm currents; blue arrows 
represent the cold currents; green arrows represent freshwater inputs. 
 
The transport of the Brazil Current is between 5 Sv and 6.5 Sv near surface waters 
(upper 500 m) around 20°S (Peterson and Stramma, 1990; Stramma et al., 1990). 
As the Brazil Current flows south of 24°S, its flow intensifies by about 5% per 100 
km, which is similar to the growth rate in the Gulf Stream, although transport values 
in the Brazil Current are considerably less (Peterson and Stramma, 1991). Thus, at 
about 33°S the total transport (which includes a recirculation cell in the upper 
1400m) is about 18 Sv, and reaches values from 19-22 Sv at about 38°S, where it 
encounters the Malvinas Current (Olson et al., 1988; Peterson and Stramma, 1991). 
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On average, the temperature in the Brazil Current is about 18°C - 28°C, with 
essentially three meridional zones that experience several degrees of distinctly 
different annual temperature fluctuations, which corresponds to their proximity to 
shore. The first zone is located over the shelf and experiences temperature 
variability of 7-10 degrees, which is controlled by both winter invasions of 
subantarctic water from the Malvinas Current and discharges from Rio de la Plata 
and Patos-Mirim. The second or central portion, closer to the eastern margin of the 
continental shelf, experiences a 5-7 degree variance. The third, on the seaward-
most zone, shows little fluctuation until the Confluence (Memery, et al., 2000; 
Zavialov et al., 1999). Temperatures in the southern section of the current (Figs. 33-
34), near the Confluence, can change by 5-13 degrees, with the cooler 
temperatures occurring around August-September and the warmer values observed 
in February (Boebel et al., 1999; Podesta, et al., 1991). Almost yearly temperature 
anomalies of warm and cold fronts occur that seem to be related to the El Nino-
Southern Oscillation (ENSO) events. Anomalous cold water extensions to the north 
occur on the shelf generally one year after every warm ENSO event, and 
anomalous warm water extensions occur generally one year after every cold ENSO 
(Lentini et al., 2001). Surface salinities indicative of Brazil Current waters range 
from 35.1 to 36.2‰ (Fig. 35), with the maximum commonly found at around 20°S, 
where it can reach a salinity of 37.3‰ (Memery et al., 2000; Wilson & Rees, 2000). 
The region of convergence of these two currents exhibits very complex frontal 
motions and patterns with the simultaneous presence of warm and cold eddies (Fig. 
32). However, these two currents do not always collide, as there is evidence that 
leakage of water of the Malvinas Current mixes with water from the continental shelf 
and the Rio de La Plata discharge, flowing northward on the continental shelf break 
and east of the Brazil Current waters (Lentini et al., 2001; Piola et al., 2000; Sunye 
and Servain, 1998). The strong surface thermal front in the confluence region is 
characterized by the contrasting properties of the Thermocline and Subantarctic 
Surface Water masses. In situ estimates indicate that this frontal region can have 
horizontal gradients of up to 1°C (250 m)-1 (Garzoli and Garraffo, 1989). 
Hydrographic measurements also reveal that these frontal regions are associated 
with strong subsurface horizontal thermal gradients, which, in turn, can be related to 
the depth of a given isotherm (Roden, 1986; Garzoli and Garraffo, 1989). 
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The latitude of confluence, which determines where the Brazil Current will separate 
from the continent, is farther north during austral winter and spring (Fig. 33). This 
seasonality is presumed to be related to the general seasonal shift of wind systems 
and seasonal southern shift of the subtropical gyre (Peterson & Stramma, 1991). 
Maximum velocities at the confluence (at about 38°S) reach 55 cm s-1 with the 
average value of 35 cm s-1 with transports of 18 and 11 Sv respectively. Flow can 
increase up to 23 Sv at the Brazil-Malvinas Confluence (Garzoli, 1993) Mean 
conditions of circulation vary significantly, and more recent evidence shows that it is 
likely related to meteorological anomalies (Assireu et al., 2003). Some short term 
variability in the southward extent of the Brazil Current has also been observed. 
Occasionally, when a Brazil Current meander that has extended unusually far south 
retreats, it can shed a series of warm core eddies that migrate into the Antarctic 
Circumpolar Current (Partos and Piccolo, 1988).  
The range of the Confluence oscillate between about 54°W and 45°W, a total 
distance of about 770 km (at 38°S). The meanders appear to occur on a twelve 
month cycle and are likely correlate to changes in the separation latitude of the 
Brazil Current (Boebel et al., 1999; Garzoli and Bianchi, 1987; Goni & Wainer, 2001; 
Maamaatuaiahutapu et al., 1999; Zavialov et al., 1999). The mean speed of the 
front is estimated to be about 14 cm s-1. The front oscillates around its mean 
seasonal position (farther north and east during austral winter and farther south and 
west during austral summer) within a period of about one month and an amplitude 
that varies from 10-50 km per day. The mean velocity of the displacement of the 
front reaches values up to 10 km/day (Garzoli and Bianchi, 1987). This area is also 
rich in eddies, more often called Brazil Current Rings, averaging to about 7-9 rings 
per year. These elliptical rings can vary in size from about 56 to 225 km along the 
semi-major axis, and 23 to 108 km for the semi-minor axis. These anticyclones 
have a mean lifetime of about 35 days and translational speeds of anywhere 
between 4-27 km per day (Lentini et al., 2002). 
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Figure 33 – Seasonal change of location of Brazil-Malvinas Confluence Zone http 
(www.disc.sci.gsfc.nasa.gov). 
The Atlantic coast of Patagonia is dominated by the cold Malvinas (Falkland) 
Current (Fig. 32), a northward-running branch of the Circumpolar Current (Fig. 31). 
The Malvinas Current is modified by local prevailing winds, temperate thermal cycle 
and weakened through dilution by coastal input (Aguirre et al., 2011). The Malvinas 
Current, formed when the West Wind Drift or Circumpolar Antarctic Current became 
active after the opening of the Drake Passage by the Oligocene-Miocene boundary 
(Beu et al., 1997), moves northwards along the Argentine continental shelf until it 
reaches the Brazil Current offshore the Rio de la Plata estuary (Legeckis and 
Gordon 1982, Garzoli 1993, Vivier and Provost 1999). Its mean temperature ranges 
yearly from 4 to 11°C  (Fig. 34) and salinity ranges yearly from 33.8 to 34.4‰ (Fig. 
35). The Malvinas Current is strong, relatively fresh, and cold, with mean SST of 
6°C (Brandini et al., 2000). Thus, when it meets the weak, warm, southward-flowing 
Brazil Current at the Brazil-Malvinas Confluence, a sharp gradient in temperature 
and salinity can be observed (Goni 1996). 
Estimates of the volume transport of the Malvinas Current vary widely in the 
literature, depending on the reference level that is chosen (Garzoli 1993). For 
example, using a reference level of 1000 m at 38°S, Garzoli (1993) obtained a 
transport of about 24 Sv. With a reference level of 3000 m at 42°S, Peterson (1992) 
found 60 Sv in the first 2000 m and 75 Sv in total, while at 46°S he found 70 Sv in 
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the first 2000 m and 88 Sv in total. Choosing the bottom as their reference level at 
45°S, Saunders and King (1995) calculated 50 Sv in the thermocline and 60 Sv in 
total (Maamaatuaiahutapu et al., 1998). Vigan et al. (2000) noticed that the 
transport values decreased from south to north. In particular, observations between 
40°S and 38°S plummeted from about 20 ±5 Sv to zero. They attribute this to the 
fact that the Malvinas Current returns to the south at these latitudes. Thus, the 
location of the observations, relative to the location and orientation of both the high-
velocity core of the Malvinas Current and its return flow, may also account for some 
of the variability in transport estimates. Direct measurements of the velocity of the 
Malvinas Current are scarce. According to Peterson (1992), surface drifters in the 
Malvinas Current travel at about 40 cm s-1. Garzoli (1993) found geostrophic 
velocity values of 102 cm s-1 at 36.5°S and -61 to -62 cm s-1 at 36.6°S that were 
associated with the northward-flowing Malvinas Current and the southward return 
flow, respectively. The along-shelf flow of the Malvinas Current is highly variable 
from year to year, and it does not appear to have an annual or even a semi-annual 
cycle. However, there is a suggestion of significant energy at periods of about 135 
days (Vivier and Provost 1999a, 1999b). On the other hand, the cross-shelf flow 
(perpendicular to the coast) clearly shows an annual cycle that is associated with 
the position of the subantarcitc front (Vivier and Provost 1999a). 
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Figure 34 – Sea surface temperature in summer in °C (Flabella et al., 2009). 
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Figure 35 – Mean annual distribution of surface salinity (Flabella et al., 2009). 
 
Along the coast between the Rio de La Plata-Paraná Delta and Tierra del Fuego, 
four salinity fronts and three thermal fronts are relevant for the study area. Three 
water masses are found in the upper thousand meters in this region 
(Maamaatuaiahutapu et al., 1992): the Thermocline Water, of subtropical origin and 
carried by the Brazil Current, is mostly confined to the continental break (Garfield, 
1990). This water is characterized by a strong and deep thermocline with marked 
spatial and temporal variability. The Subantarctic Surface Water, which is carried by 
the Malvinas Current, meets the Thermocline Water in the upper 800 m, flows 
beneath the thermocline (Gordon, 1981), and forms the Antarctic Intermediate 
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Water, 500–1000 m deep, which recirculates with the subtropical gyre 
(Maamaatuaiahutapu et al., 1998). 
Surface salinity corresponds to the equilibrium between evaporation, precipitation, 
the contribution of currents and rivers with different physical and chemical 
characteristics and to the oceanic mixing processes. Most of the Patagonian 
Atlantic Ocean falls under the influence of sub-Antarctic waters, diluted by 
continental discharge, which originate in the southeastern Pacific and enter through 
the Magellan Strait and with the Malvinas Current (Fig. 35). In the northern zone, 
the discharge of continental waters from the Río de la Plata and the saline waters 
introduced with the Brazil Current, generate biologically important saline fronts. 
The Atlantic coast of Patagonia belongs to the southwestern Atlantic sector of the 
Magellanean Zoogeographic Province (Fig. 36), extending from Golfo Nuevo 
(Chubut, ca 43°S) southwards to Cabo Hornos (55°S). From Golfo Nuevo to 28° S 
extends the Argentine Zoographic Province, a transitional area influenced by the 
cold Falkland Current and the warm Brazilian Current (Fig. 36). 
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Figure 36 – Modern biogeographic regions (Argentine and Magellanean Malacological 
Provinces) (Aguirre et al. 2011). 
In addition, the Malvinas current is a powerful source of nutrients (Fig. 37), stirring 
nutrients from the ocean depths and bringing them to the surface, where plants 
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thrive on them, producing plankton bloom. By contrast, the warm Brazilian current is 
shallow, and so the waters tend to be nutrient poor. 
Figure 37 – Massive phytoplankton bloom off of the Atlantic coast of Patagonia on 
December 21, 2010 (http://earthobservatory.nasa.gov/IOTD/view.php?id=48244). 
The oxygen isotopic composition of seawater in the study area shows very low 
values (Fig. 38) related to the relatively fresh Malvinas current, in contrast to higher 
isotopic composition of the saltier and warmer Brasilian current. In Figure 38 is 
possible to note the clear “indentation” of fresher water of Malvinas current to affect 
the Patagonian coast. 
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Figure 38 – Global oxygen isotopic composition of seawater (Schmidt et al., 1999). 
Despite sparse measurements, it is possible to observe that the carbon isotopic 
composition of total dissolved inorganic carbon (DIC) in the upper water column 
also increases from south to north showing an abrupt increase at the Brazil-
Malvinas Confluence Zone (Kroopnick, 1980)                          .
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3. PREVIOUS KNOWLEDGE ON 
STABLE ISOTOPES AND TRACE 
ELEMENTS OF MARINE MOLLUSCS 
OF THE ARGENTINE ATLANTIC 
COAST 	  
The Atlantic coast of Patagonia has been partially studied from a geomorphological, 
stratigraphic and paleontological point of view, with the intent to reconstruct relative 
sea-level changes (Schellmann & Radtke 2000), paleobiogeographic variations of 
the fauna (Aguirre, 2003; Aguirre et al., 2005; 2006; 2009; 2011) and isostasy and 
tectonic component (Codignotto et al., 1992; Rostami et al., 2000) of the Atlantic 
coast, but the Quaternary marine deposits of this area are practically unexplored as 
climate archives (Isla & Bujalesky, 2008). Neither stable isotope (δ13C and δ18O) nor 
trace elements data of modern and fossil shells are available for this area which 
should allow comparisons with the results obtained for the coastal deposits further 
north in Argentina (Aguirre et al., 1998; 2002) and south in Tierra del Fuego 
(Panarello, 1987; Obelic et al, 1998 Gordillo et al., 2010; Colonese et al., 2011; 
2012; Saporiti et al., 2013). 
 
3.1. STABLE ISOTOPES STUDIES ON MARINE MOLLUSCS 
OF ATLANTIC COAST OF ARGENTINA 	  
In the Buenos Aires Province, to the north of the study area, stable isotope 
composition of Holocene Mactra isabelleana (Aguirre et al., 1998) and Littoridina 
australis (Aguirre et al., 2002) have been reported. 
Aguirre et al. (1998) analyzed the variations in the 13C/12C, 18O/16O and 87Sr/86Sr 
ratios of Mactra isabelleana collected from Holocene littoral deposits and from 
modern marine and estuarine environments along the coastal area of Buenos Aires 
Province between La Plata, on the Río de La Plata estuary, and Mar del Plata (Fig. 
39). 
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Figure 39 – Location map with position and range of 
age data for Holocene littoral ridges (Aguirre et al., 
1998). 
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Isotopic analyses allowed to Aguirre et al. (1998) to identify three groups of data 
(Fig. 40), independent of age and partially supported by Sr data set: Group 1 shells, 
from Mar Chiquita, have isotopic values consistent with coastal marine waters. 
Group 2 shells, from the north and Samborombón Bay close to Río de La Plata, 
show lower δ18O and generally  δ13C values than group 1 shells due to the fresh 
water influx from the Río de La Plata, that controls the isotopic composition of the 
coastal waters. Group 3 shells, coastal lagoonal samples from Samborombón Bay 
and Mar Chiquita, have low δ13C values connected to abundant aquatic vegetation 
inside the lagoons. 
 
Figure 40 – Isotopic composition (a) and linear regressions (b) of the shells from 
20 localities in the Buenos Aires Province (Aguirre et al., 1998). 
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Moreover, the changes in δ18O and Sr values for shells from the south (Mar del 
Plata and Mar Chiquita) suggest that warmer temperature and a greater mixing with 
freshwater dominate the isotopic composition of molluscs during the Middle 
Holocene. 
Aguirre et al. (2002) studied the isotopic composition (oxygen and carbon) of 
Littoridina australis shells collected from Holocene littoral deposits along the Buenos 
Aires province coastal area of Argentina (Fig. 41). Littoridina australis isotopic 
values were compared, in this work, with the isotope analyses from living freshwater 
Littoridina parchappii, collected in some Bonaerensean rivers (Bonadonna et al., 
1999) and molluscs samples from Patagonia (Fig. 42). 
 
Figure 41 – Location of sampling site (Aguirre et al., 2002) 
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Figure 42 – Isotopic values of the Holocene Littoridina australis, modern Littoridina 
australis, Littoridina parchapii and marine mollusc samples (Aguirre et al., 2002). 
 
Isotope data allowed the authors to define two distinct areas: the Samborombón 
Bay, where mixing between marine and freshwater dominates the isotopic 
composition of molluscs, and the Mar Chiquita lagoon, where the high isotope shell 
values was originated by evaporation of water that dominates the brackish 
environment (Fig. 43). 
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Figure 43 – Oxygen composition vs depth of some localities from Samborombón Bay and 
Mar Chiquita lagoon (Aguirre et al., 2002). 
 
The first work on stable isotope composition of marine molluscs in the southernmost 
region of Argentina goes back to Panarello (1987), which studied carbon and 
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oxygen isotopic composition of fossil and modern molluscs from Tunel Site, in the 
Beagle Channel. He studied seven species (six species of molluscs and one of 
Balanus) from modern marine environment and from two Holocene shell middens 
(dated at 3030 ± 100 yr BP and 5630 ± 120 yr BP, respectively) and interpreted the 
isotopic record in terms of paleotemperature changes. According to this 
interpretation, results showed that the seawater temperature ca 5600 yr BP was 
lower than the present, while 3030 yr BP was higher. 
Panarello (1987) interpreted that Holocene paleotemperatures are more related to 
local changes (e.g. marine stream pathway changes) and not to a worldwide trend. 
However, Panarello, correlates the variations in the oxygen isotopic composition 
only to variations in temperature, neglecting the large variability in water salinity 
which can be expected in the investigated area. 
 
Still in the Beagle Channel, Obelic et al. (1998) analyzed the isotopic composition of 
Mytilus edulis shells from Holocene shell middens in order to reconstruct the 
surface water paleotemperature of the Beagle Channel in the last 6000 yr. 
Obelic et al. (1998) observed that salinity may have influenced isotopic variations 
(δ18O and δ13C) of Mytilus edulis shells from archaeological shell middens. These 
authors recognize a cooler period at 6000-5000 14C BP for the Beagle Channel, as 
well as a warming period at 4500-4000 14C BP (Fig. 44). 
 
Figure 44 - δ18O values of Mytilus edulis shells from Beagle Channel 
according to Obelic et al. (1998) (Saporiti et al., 2013). 
 
Gordillo et al. (2010) studied the isotopic composition (δ18O and δ13C) of the bivalve 
Hiatella from the Beagle Channel (Fig.  45). 
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The isotopic values of the Holocene shells agreed with previous analyses of 
Panarello (1987) and Obelic et al. (1998). δ18O of Pleistocene shells was slightly 
more positive and δ13C more negative than the modern ones, while isotopic 
composition of Pleistocene Hiatella shells was similar to isotopic values obtained for 
Holocene Hiatella shells (Tab. 2 and Fig. 46). Gordillo et al. (2010) attributed this 
change in the isotopic composition to a deposition of the shells during the 
Pleistocene in a high energy marine environment during a cooler period relative to 
the present mean annual temperature. 
 
Figure 45 – Map of the study area of Gordillo et al. (2010). 	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Table 2 – Isotopic composition of Hiatella and Mytilus edulis shells from the Beagle 
Channel (Gordillo et al., 2010). 
 
 
Figure 46 – Oxygen and carbon isotopic composition of Hiatella and Mytilus shells from 
the Beagle Channel. See Table 2 for abbreviations (Gordillo et al., 2010). 
 
Colonese et al. (2011), instead, used the oxygen isotopic composition of Nacella 
magellanica shells collected from modern environment and shell middens along the 
Beagle Channel coast (Fig. 47) for sclerochronological studies, in order to 
reconstruct seasonal exploitation patterns of this species and to provide new insight 
into Yamana (a hunter-gatherer- fisher group which lived in Tierra del Fuego) 
coastal mobility and subsistence strategies.  
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Figure 47 – Sample location of the shell middens (Tunel VII = A and A’; Lanashuaia = B 
and B’) and of living specimens (GB = Golondrina Bay and UB = Ushuaia Bay) 
(Colonese et al., 2011). 
 
 
According to the authors  the oxygen isotopic data indicate that Nacella magellanica 
was gatered in different seasons (Fig. 48) and that in the nineteenth century, 
Yamana people continuously occupied the Beagle Channel coast by means of 
short-lived campsites. 
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Figure 48 – Quartile distribution of archaeological shell-edge δ18O from Tunel VII 
occupation phase in autumn-winter (A), spring (B), autumn (C) and Lanashuaia (D).  
Quartile distributions of ontogenic δ18O values from Tunel VII occupation phase in 
autumn-winter (A’), spring (B’), autumn (C’) and Lanashuaia (D’) are used as seasonal 
reference. Quartile distribution of ontogenic δ18O values of one modern shell collected in 
front of Lanashuaia (E) and of modern shells collected montly (F) are used to compare 
main δ18O differences (Colonese et al., 2011). 
 
With the same purposes Colonese et al. (2012) studied the oxygen isotopic 
composition of Nacella deaurata from Beagle Channel (Fig. 49). 
 
Figure 49 – Geographic position of the Beagle Channel (A) and location of the 
archaeological shell midden Lanashuaia II (B) (Colonese et al., 2012). 
 
 
Colonese et al. (2012) observe that sequential shell δ18O of modern species tracks 
seasonal changes of sea surface temperature and ambient water δ18O. Moreover, 
the comparison of shell δ18O profiles of Nacella deaurata and Nacella magellanica 
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suggests the occurrence of distinct growth rate and physiological adaptations 
between the species, while shell δ18O of specimens collected from shell middens 
suggests that molluscs were exploited predominantly in winter. Results also indicate 
that specimens of Nacella deaurata experienced similar environmental conditions of 
present day at ca. 1320 yr BP (Fig. 50). 
 
Figure 50 – A) Quartile distribution of shell-edge δ18O values of N. deaurata from 
Lanashuaia II (M8-13 = modern N. deaurata specimen; C20-14 = archaeological N. 
deaurata specimens as comparisons). B) frequency distribution of shell-edge δ18O 
values and sequential values of modern and archaeological specimens Colonese 
et al., 2012). 
 
Saporiti et al. (2013) used δ18O composition of Aulacomya atra atra and Mytilus 
edulis shells collected from Beagle Channel and central-northern Patagonia 
archaeological sites as proxy for SST and to compare the δ18O patterns with the 
patterns of resource exploitation by hunter-gatherers. 
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δ18O values suggest that sea surface temperature increased both north and south 
at the beginning of the late Holocene and that was slightly higher than at present 
during most of that period, except during the Little Ice Age, showing similar values 
to those recorded at the end of middle Holocene (Figs. 51-52). Moreover Saporiti et 
al. (2013) conclude that changes in sea surface temperature are unlikely to be the 
major driver of the resource-exploitation patterns. 
 
 
Figure 51 – Temporal profile of oxygen isotopic composition in bivalve shells from 
Beagle Channel according to Saporiti et al. (2013).  
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Figure 52 – Temporal profile of oxygen isotopic composition in bivalve shells from 
central-northern Patagonia according to Saporiti et al. (2013). 
 
3.2. STABLE ISOTOPES FOR PALEOCLIMATIC STUDIES 
FROM OTHER ARCHIVES FROM ARGENTINA  	  
3.2.1. Continental mollusc shells 	  
In the Buenos Aires Province and Patagonia region Bonadonna et al. (1995; 1999) 
analyzed the stable isotope composition of fossil and living shells of terrestrial and 
freshwater molluscs for paleoclimatic and paleoenvironmental reconstructions.  
Bonadonna et al. (1995) studied the carbon and oxygen composition of continental 
and littoral carbonatic shells from the Buenos Aires province to reconstruct the 
paleoclimate and the stratigraphy of the area during the last 30 ka. 
Isotopic values seem to indicate a warm and dry environment around 30 ka, 
followed by a cold and dry environment before 10 ka, while temperate and humid 
conditions prevailed after 10 ka, with a humid event at 8-6 ka.  
Bonadonna et al. (1999) used the isotopic composition (δ18O and δ13C) of fresh 
water and terrestrial molluscs of the last 30 ka from Bonaerense and Patagonia 
regions in order to obtain paleoenvironmental and paleoclimatic information  
According to Bonadonna et al. (1999), the isotopic values suggest that arid 
conditions occurred between 35 and 15 ka BP and warmer conditions around 35-25 
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ka BP. A new phase comparable with the present meteorological and climatic 
conditions began around 9 ka BP and a trend toward slightly arid seems to start 
after 5 ka.  
 
3.2.2. Marine microfossils 	  
Chiessi et al. (2007) studied the stable isotopic compositions of planktonic 
foraminifera as a proxy for the position of the Brazil- Malvinas Confluence in the 
Argentine Basin.  
According to the authors the oxygen isotopic values of Globorotalia inflata and G. 
truncatulinoides, which result the most reliable indicators of the latitudinal position of 
the confluence zone, show a sharp gradient of 2‰ at the Brazil-Malvinas 
Confluence with stable values north and south of the confluence (Fig. 53).  
The δ13C of Globigerinoides ruber, Globigerinoides trilobus, Globorotalia inflata and 
Globorotalia truncatulinoides shows no significant trend across the front (Fig. 54).   
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Figure 53 – Latitudinal variations in δ18O of foraminifera according to Chiessi et al. 
(2007). Dashed lines represent the predicted δ18O of calcite at selected depth levels. 
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Figure 54 – Observed δ13C values of foraminifera according to Chiessi et al. (2007).  The 
isotopic values are compared with the latitudinal variations in phosphate concentration at 
selected depth levels. 
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3.2.3. Sediment cores from lakes 	  
In the last twenty years there has been a major increase of limnogeological studies 
across different areas of Patagonia holding multiproxy results (e.g. Ariztegui et al., 
2008).  
Markgraf et al. (2003), among the others, used a multyproxy approach, which 
includes stable isotopes on ostracodes, on two sediment cores dated to the 
Holocene from the Lago Cardiel (Fig. 55), located in the Extra-Andean Patagonian 
plateau of Argentina, for reconstructing the paleoenvironment and the paleoclimate 
of southern Patagonia during the Holocene. 
 
Figure 55 – Lago Cardiel location map from Markgraf et al. (2003). 
 
The multyproxy analyses of sedimentary cores combined with seismic stratigraphy 
data indicate substantial lake-level changes during the late Pleistocene and 
Holocene (Fig. 56). Sedimentological and environmental indicators show lake levels 
higher than the present conditions during the early Holocene, following a lake-level 
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rise after a desiccation phase prior to 11 ka BP. After ca 6000 yr BP lake levels 
were generally lower but with repeated fluctuations. These changes support the 
view that the southern westerlies were focused north of latitude 50° S during the 
early Holocene, enabling the Antarctic cold fronts to bring easterly moisture to 
southern Patagonia, whereas during the late Holocene the westerly stormtracks 
shifted seasonally, with less and more variable moisture in the region. 
 
Figure 56 – Sedimentologic and paleoenvironmental record from a core from Lago Cardiel 
(Markgraf et al., 2003). 
 
3.2.4. Carbonatic crusts 	  
Bonadonna et al. (1995) analyzed stable isotope composition of carbonatic crusts 
(“toscas” in the local literature) collected from the marine cliffs in the southeastern 
area of the Buenos Aires Province.  
The isotopic values, very homogeneous for the oxygen and more variable for the 
carbon, indicate an evaporation influenced environment in a subhumid climate.  
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3.3. TRACE ELEMENT STUDIES ON MARINE MOLLUSCS 
OF ATLANTIC COAST OF ARGENTINA 	  
Along the Atlantic coast of Patagonia, no trace element study on molluscs or other 
types of animals was performed in order to understand the climate and 
environmental variations of the area during the time. 
The studies carried out on trace element concentrations within molluscs were 
performed mostly to understand the degree of pollution in seawater (e.g. Ribeiro 
Guevara et al., 2004; Astorga España et al., 2005; 2007; Gil et al., 2006; Conti et al., 
2011; 2012; Duarte et al., 2012). 
Soldati et al. (2009) evaluated the seasonal periodicity of minor and trace elements 
of the freshwater mussel Diplodon chilensis patagonicus from Lago Steffen, situated 
on the west side of the Andean Cordillera. 
They conclude that Mn, Sr and Ba are preferentially accumulated during the 
summer, while higher concentrations of Mg are present in the winter bands.
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4. STABLE ISOTOPE AND TRACE 
ELEMENT GEOCHEMISTRY 	  
4.1. STABLE ISOTOPES  	   	  
4.1.1. General concepts  	  
The term of isotopes comes from the Greek (meaning equal places) and implies 
that the various isotopes of the same element occupy the same position in the 
Periodic Table.  
Isotopes are atoms of a given element whose nuclei contain the same number of 
protons, but a different number of neutrons and thus are ultimately characterized by 
the same atomic number (Z), but by a different mass number (A). Isotopes are 
usually denoted by writing the mass number as a superscript before the chemical 
symbol of the element (e.g. 2H for deuterium). 
Stable isotopes, whose processes show radioactive decay rates so low as to be 
insignificant in the time of observation, are about 300 (Hoefs, 2009).  
For the light elements one isotope is prevailing, the others are present only in trace 
amounts.  
Stable isotopes of oxygen and carbon, analyzed in this thesis, are three (16O, 17O 
and 18O) and two (12C and 13C) respectively. 
The isotopes of an element exhibit a broadly similar chemical behavior, having the 
same number of electrons in the same orbital position, but with a different physical 
behavior due to the difference in mass between the different species. However, not 
all chemical processes in the different isotopes of the same element behave exactly 
in the same way (for example, the rate of reaction between two isotopic forms is 
slightly different). The mass differences are particularly important in light elements 
(low numbers in the Periodic Table). Molecules vibrate with a fundamental 
frequency, which depends on the mass of the isotopes from which it is composed. 
The resultant differences in dissociation energy of the light and heavy isotopes 
imply that bonds formed by light isotopes are weaker than those formed by heavy 
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isotopes. Hence, molecules comprised of the light isotopes react more easily than 
those comprised of the heavy isotopes.  
The disproportionate distribution of isotopes of the same element during a chemical 
reaction between two substances or between two phases of the same substance is 
defined isotope fractionation. The degree of isotopic fractionation is closely related 
to the difference in mass between the isotopes. Consequently, other conditions 
being equal, the isotopic fractionations will be more relevant to the isotopes of the 
light elements rather than heavy ones. This phenomenon is, in fact, related to the 
different bond energy characterizing the isotopes of the elements, whereby those 
with mass number greater require a higher amount of energy to dissociate than the 
light isotopes.  
The partitioning of stable isotopes (e. g. 18O and 16O) within a two-phase system is 
described by an isotope fractionation factor because the isotope ratio of a given 
shared element can be different in the two phases. For example, for the 
precipitation of calcite from an aqueous solution corresponds to:  
 
The fractionation can be equilibrium or kinetic. Equilibrium fractionation describes 
isotopic exchange reactions occurring between two different phases of a compound 
at a rate maintaining equilibrium, as with the transformation of water vapor to liquid 
precipitation.  
This type of reaction can be described as: 	  
where A and B are the phases, and the superscripts 1 and 2 are isotopes. 
The equilibrium constant may be expressed by: 
	  
 
This can also be expressed as a ratio of the isotopes in each phase: 
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where αA-B is the fractionation factor, the ratio of the numbers of any two isotopes in 
one chemical compound A divided by the corresponding ratio for compound B 
(Urey, 1947). 
Other factors come into play to influence equilibrium fractionation and isotope 
effects, chiefly vibrational energy, related to the zero-point energy difference and 
dependent on temperature. Different isotopes have different zero point energies for 
the vibrational mode of a bond. Temperature is a measure of energy in a system, 
translated to the energy of the bond. The zero point of energy changes with 
temperature increases. The difference in zero point energy between two isotopes 
decreases. Typically, the heavier isotope has a lower zero point energy, thus it 
takes more energy to break the bond of a heavy isotope compared to the light 
isotope. Processes of equilibrium fractionation are essentially temperature 
dependent. One may expect greater isotopic fractionation at low temperatures, and 
no isotopic fractionation at very high temperatures. 
Kinetic fractionation is fractionation that is unidirectional, where equilibrium is not 
attained. Kinetic effects cause deviations from the simple equilibrium processes 
due to different rates of reactions for the various isotopic species. This type of 
fractionation applies to evaporation of surface waters and to most biogeochemical 
reactions, where the lighter isotope is faster reacting and becomes concentrated in 
the products.  
While the absolute abundances of minor isotopes cannot be determined accurately, 
it is possible to get quantitative results by comparing the result given for a known 
external standard with that for the unknown sample. These differences in isotopic 
ratios, known as δ value, are defined as:  	  
	  
Where sam is the sample values and std is the standard value. These variations in 
composition are given in delta (δ) notation, and are reported in parts per thousand 
(per mille, ‰). R stands for the heavy/light ratio between the abundances of any 
two isotopes (e.g. 18O/16O). A positive δ value indicates enrichment in the heavy 
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isotope, relative to the standard, and conversely, depletion is shown by a negative 
δ value. 
For two compounds A and B the δ-values and fractionation factor α are related by: 
 
In order to compare isotopic data from different laboratories, an internationally 
accepted set of data was selected (Tab. 3).  
Table 3 – Absolute isotopic ratios of international standards (After Hayes, 1983). 
 
In addition, to meet the shortage of Primary Reference Standards, new worldwide 
standards have been created and distributed by the IAEA. They are natural or 
synthetic compounds following the isotopic composition of the primary standards in 
respect of which have been calibrated (Tab. 4). 
!A !!B = !A"B # 10
3 ln!A!B
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Table 4 – Worldwide standards in use for the isotopic composition of hydrogren, boron, 
carbon, nitrogen, oxygen, silicium, sulfur and chlorine. 
 
4.1.2. Oxygen isotopes 	  
Oxygen is the most abundant element on the Earth and is “one of the most 
interesting elements in isotope geochemistry” (Hoefs, 2009). It has three stable 
isotopes, which are present with the following abundances (Rosman & Taylor, 
1998): 
16O: 99.757% 
17O: 0.038% 
18O: 0.205% 
Oxygen is highly abundant in gaseous, liquid and solid compounds and, because of 
the higher abundance and the largest mass difference, the 18O/16O ratio is normally 
determined.  
Stable oxygen isotopic ratios of waters, silicates, phosphates, sulfates and high-
temperature carbonates are normally reported relative to the SMOW standard 
("Standard Mean Ocean Water" (Craig, 1961)) or the virtually equivalent VSMOW 
(Vienna-SMOW) standard. The oxygen stable isotope ratios of carbonates are 
commonly reported relative to PDB (for Pee Dee Belemnite according to Epstein et 
al., 1953) or the equivalent VPDB (Vienna PDB), standard.  
VSMOW and VPDB, estabilished in 1968 by the International Atomic Energy 
Agency, are virtually identical to the now-unavailable SMOW and PDB standards. 
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The conversion equations of δ18O (VPDB) versus δ18O (VSMOW) and vice versa 
(Coplen et al., 1983) are: 
δ18O (VSMOW) = 1.03092 δ18O (VPDB) + 30.92 
and 
δ18O (VPDB) = 0.97002 δ18O (VSMOW) – 29.98 
The oxygen isotopic ratio of seawater is linked with fractionation processes within 
the hydrological cycle, which comprises of evaporation, atmospheric vapor transport, 
precipitation and subsequent return of freshwater to the ocean (directly via 
precipitation and via runoff or iceberg melting) and ocean circulation, such as 
upwelling and surface currents (Goman et al., 2008). Also long-term storage of 
freshwater in aquifers and ice sheets is important for seawater isotopic ratios (Fig. 
57).  
Figure 57 – Schematic presentation of the hydrological cycle influences on oxygen isotopic 
ratio. Effects on seawater are described in italics (after Rohling and Cooke, 1999). 
 
Formation and melting of seasonal sea ice imposes strong local variability.  
The spatial distribution of oxygen isotopes in the world oceans depends on 
processes od advection and mixing of water masses from different source regions 
with different isotopic signatures (Rohling, 2007). 
Since the salinity of seawater is also affected by the processes just described, 
Craig & Gordon (1965) and later Fairbanks et al. (1992) defined a set of regression 
relationships between salinity and δ18O with different slopes, ranging from 0.1 for 
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the masses of humid tropical surface water and 1.0 for the polar arid, with an 
overall average of 0.49. The greater gradients represent areas where evaporation 
exceeds the phenomenon of precipitation and vice versa (Fig. 58). 
Figure 58 – Salinity versus δ18O relationship in modern ocean surface and deep waters 
(after Railsback et al. 1989, modified by Hoefs, 2009).  
 
The oceanic water currently shows a mean δ18O equal to -0.1‰ (slight different 
from the one indicated by VSMOW) but this value varies, in different regions and at 
different ocean depths, between -2‰ and +4‰ (Ruddiman, 2008).  
During the water evaporation from oceanic surfaces molecules containing 16O are 
concentrated in the gaseous phase. The water vapor of the clouds will therefore be 
depleted in 18O; on the contrary, the seawater surface will be enriched in this 
isotope. A further concentration of 16O in the atmospheric water vapor will take 
place when it rains: in this case the water molecules containing 18O enter 
preferentially in the condensed phase and spill at sea or on land. 
The evaporation processes from the ocean surfaces are highest at low latitudes; 
the global atmospheric circulation shall carry the masses of water vapor to higher 
latitudes: during the transport the masses are repeatedly depleted in 18O after 
fractionation processes that accompany the events of condensation and 
precipitation. Consequently the masses of atmospheric water vapor that reach the 
higher latitudes, feeding glacial oceanic and continental accumulations, are 
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extremely rich in 16O (δ18O = -20-40 ‰). 
Another fundamental phenomenon of the oxygen isotope fractionation regards the 
crystallization of sedimentary minerals. The overall reaction involved in the 
precipitation of carbonate is:  
Ca2+ + 2HCO3- CaCO3 + CO2 +H2O 
Where oxygen is concerned, the various carbonate species in seawater are 
isotopically equilibrated with the water molecules. The equilibrium fractionation 
between calcite and water is a function of temperature. O’Neil et al. (1969) 
determined that for the range of = to 500°C the equilibrium fractionation factor αc-w 
between water and calcite changes with temperature according to:  
αc-w = exp 
 
where T is in Kelvin. The summary effect of equilibrium fractionation is a ca. 0.2 ‰ 
depletion in the carbonate δ18O for every 1°C temperature increase. However, the 
isotopic fractionation factor varies with temperature as predicted by Urey (1947) and 
measured in experimental work by for instance Kim and O’Neil (1997). They 
indicated a more pronounced δ18O change with the temperature at low 
temperatures (up to 0.25‰ °C-1) than at higher temperatures (about 0.2‰ °C-1). 
Experimental observations on crystals of calcite growth by precipitation from an 
aqueous solution supersaturated in calcium carbonate show how the oxygen 
isotopic composition of the mineral is a function of the system temperature and of 
the oxygen isotope composition in the bicarbonate ions present in the solution; this 
parameter is controlled in turn by the isotopic composition of oxygen in water 
molecules. 
Mineralogy of carbonate is also of important. For instance the experimental 
observations on synthetic aragonite show that the aragonite is enriched by about 
0.8‰ at 25 °C than calcite (Kim et al., 2007). 
 
 
 
!
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4.1.3. Carbon isotopes 	  
Carbon has in nature two stable isotopes (12C and 13C), present on average 
according to the following abundances (Rosman & Taylor, 1998): 
12C = 98.93% and 
13C = 1.07% 
In the Earth system there are two main carbon reservoirs: organic matters and 
sedimentary carbonates (Fig. 59). 
 
Figure 59 – Carbon isotopic composition of some important carbon 
reservoirs (Hoefs, 2009). 
 
The carbon oxides, in particular CO2, released into the atmosphere and dissolved in 
the hydrosphere, play an essential role of interaction between these geochemical 
reservoirs.  
Modern isotope geochemistry make extensive use of the isotopic ratio 13C/12C, for 
which the value of Rst suggested by IUPAC (Coplen, 1994) is relative to the VPDB, 
corresponding to: RC(VPDB) = 11237.2 10-6. 
The carbon isotopic composition of natural compounds is extremely variable 
ranging between δ13C values greater than +20‰ (heavy carbonates) and less than -
100‰ (e.g. light methane).  
The isotopic effects observed in nature in relation to carbon are referring to two 
fundamental types: isotope equilibrium fractionation processes occurring within the 
inorganic carbon system (atmospheric CO2 – dissolved bicarbonate – solid 
!
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carbonate) which tend to enrich 13C in carbonates, and kinetic isotope effects 
occurring during photosynthesis which lead to an enrichment of 12C (Hoefs, 2009). 
The inorganic carbon system (Fig. 60) is composed by many chemical species, 
present in the form of gas (e.g. CO2 and CO), minerals (various carbonates, mainly 
CaCO3) or dissolved into the hydrosphere (e.g. H2CO3, HCO3-, CO32-). These 
species are related through equilibrium reactions, whose magnitude of isotopic 
fractionation is essentially due to the temperature. The inorganic carbon system in 
the ocean is controlled by the carbonate reactions. Most of the CO2 in water is 
contained in the bicarbonate ion (HCO3-), due to the reaction: 
H2O + CO2 H++ HCO3- 
The total dissolved inorganic carbon (DIC) in seawater is made from HCO3-, CO32- 
and dissolved CO2. At normal seawater pH of 7.8-8.3, seawater contains mainly 
HCO3- and small amounts of CO32-. The biogenic and abiogenic calcium carbonate 
interacts with the inorganic carbon systems via the precipitation/dissolution 
equation:  
2 HCO3- + Ca2+ CaCO3 + H2O + CO2 
In the typical range of ocean water temperature, carbonates that precipitate show a 
strong enrichment in 13C to the detriment of carbon dioxide dissolved. 
The organic carbon cycle (Fig. 60) is intimately connected to photosynthesis 
processes, occurring in both the marine and the continental environments. The 
reaction simplified which describes photosynthesis is:  
CO2 + H2O + energy (sunlight)  	  CH2O + O2 
Inversely to the photosynthesis reaction, respiration under the presence of oxygen 
breaks down the organic biomass and releases energy and CO2.  
!
!
!
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Figure 60 – Summary of the main isotopic interactions within the inorganic and organic 
carbon cycles (modified after Garlick, 1974 and Hoefs, 1997). 
 
According to Park & Epstein (1960) the kinetic effect occurring during the 
photosynthesis processes is a temporally bipartite phenomenon in which before the 
incorporation and diffusion of CO2 molecules take place and then the fixation of new 
organic matter takes place. Both phases involve a preferential selection of 12C that 
is concentrated in the organic matter.  
The isotope carbon distribution in the ocean system is the result of exchanges 
between three main reservoirs (Ruddiman, 2008): the atmosphere, whose carbon 
oxides are characterized by δ13C values slightly negative (currently about -7‰); the 
organic matter, characterized by δ13C values very negative (on average around -
22‰) and very variable; carbonates, where the carbon isotope composition is 
closely related to that of the Dissolved Inorganic Carbon (DIC) from which the 
carbonate precipitated, but slightly more positive (δ13C on average around 2‰). 
The biogenic organic matter, isotopically very light, is mostly produced in the 
euphotic zone, which results depleted in dissolved 12C. Following the death, a good 
part of this biomass in decomposition is transported in depth by means of the 
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“carbon biological pump”, the sum of a suite of biogeochemical processes that 
transport the biomass to the lower layers of the water column. Here the organic 
matter, 12C-rich, is re-oxidized and for this reason the deep ocean waters usually 
show slightly negative δ13C values. For this geochemical studies carried out on the 
isotopic composition of carbonatic foraminifera shell indicate δ13C values usually 
higher for planktonic forms than for benthic forms (Shackleton & Kennet, 1975). 
 
4.1.4. Stable isotopes in biogenic carbonates: oxygen and carbon 
isotopes as paleoclimatic and paleoenvironmental proxies 
 
Skeletal carbonate oxygen (δ18O) and carbon (δ13C) isotopic compositions are often 
used as geochemical archives of paleoenvironmental conditions. 
Summing up in an equation (Maslin & Swann, 2006), the oxygen isotopic 
composition of a biogenic carbonate (Δδ18OM) precipitated in ocean water equals to: 
+ vital effects 
where:  
= oxygen isotopic composition of the biogenic carbonate. 
= oxygen isotope composition of the water (combined effect of variations in 
global ice volume ( ) and local influences ( )). 
= water temperature. 
Vital effects (Urey et al., 1951) are “metabolic processes that modify the way in 
which environmental data are recorded in the geochemical composition of biogenic 
hard parts” (Schöne et al., 2011) and could be connected to the ontogenic effect, to 
symbiont photosynthesis effect, to respiration effect, to the gametogenic calcite 
effect and to the effect of changes in  (Rohling and Cooke, 1999). In order to 
minimize the influence of kinetic effects, analytical strategies for studying marine 
cores, for instance, have been designed focusing on time-series of single species 
and using very narrow size-windows from which specimens are picked for analysis. 
Biogenic carbonates showing species-specific vital effects (Holmes and Chivas, 
2002), are not precluded from palaeoclimatic studies as long as the offset is 
demonstrably independent of temperature or the factors that influence the offset 
from equilibrium are known. This is usually achieved by calibration studies to 
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investigate the precise systematics of isotopic fractionation. 
Since the 50’s, starting with the works of the Chicago School (Urey, 1947; McCrea, 
1950; Epstein et al., 1953; Craig, 1965; O’Neil et al.,1969; Shackleton, 1974; Erez 
and Luz, 1983), several transfer functions have been proposed to relate the value of 
the δ18O measured in calcite (δ18OC) with temperature (TW) and δ18O value of the 
water in which the mineral precipitated (δ18OW) in equilibrium conditions. One of the 
most widely used is that proposed, for the calcite, by Erez & Luz in 1983:  	  
For the aragonite, instead, can be used  the equation: 
 
Basically, keeping constant the value of δ18OW, as the temperature decreases by 
1°C the carbonate, which precipitates in equilibrium conditions from the aqueous 
solution, will be enriched by about 0.26‰ in the stable isotope (18O). 
Among the fossil forms usually used for paleoclimate reconstructions calcareous 
foraminifera are set. Emiliani (1955) first studied the isotopic composition of 
foraminifera and he reconstructed an isotopic curve where higher δ18O values 
indicate cold periods and lower δ18O represent warm intervals (Fig. 61). 
Figure 61 – Emiliani’s isotopic curve for the last 150.000 years. 
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Emiliani believed that changes in ocean temperatures were the main factor acting 
on the oxygen isotope composition of biogenic marine carbonates, while a low 
percentage of the oxygen isotopic record was related to changes in the global ice 
volume. 
Conversely, Craig (1965), Dansgaard & Tauber (1969), and Shacktleton & Opdyke 
(1973) demonstrated that the storage of isotopically light water in ice (“ice volume 
effect”) is a factor by no means secondary, but it is the main factor in determining 
the oxygen isotopic composition of biogenic carbonates. 
Time-series of foraminiferal δ18O indicate that glacial ice volume has heavily varied 
during the Quaternary. During the last 400,000 years foraminiferal δ18O shows a 
rough saw-tooth pattern with a 100,000-year cadence of glacial-interglacial cycles, 
mainly linked to the global ice-volume fluctuations (Fig. 62). Ice sheets grew over 
periods of approximately 90,000 years, reaching a maximum extent followed by a 
very abrupt ice-volume decrease that indicate the onset of an interglacial maximum 
with a typical mean duration of some 10,000 years. Between 0.4 and 1 million years 
ago, there was a less defined state, with a complex interaction for the glacial cycles 
between periods of 100,000 and 41,000 years. Particularly in the interval between 
2.4 and 1 million years ago, the glacial cycles developed over a period of 41,000 
years without having a noticeable saw-toothed temporal structure.  
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Figure 62 – A stacked record of δ18O variations for the last 5.3 million years. Even numbers 
indicate glacial intervals, odd numbers indicate interglacials periods. After Lisiecki and 
Raymo (2005). 
 
Many molluscs precipitate their shells in oxygen isotopic equilibrium with ambient 
water (δ18Ow) (Mook and Vogel, 1968; Wefer and Berger, 1991). The primary 
controlling factors of δ18O in the carbonate of mollusk shells are the δ18O of ambient 
seawater and ambient water temperature.  
Waters of continental and marine origin usually have large different isotopic 
signatures, the same is true for the isotope composition of the dissolved inorganic 
carbon (DIC). Therefore, carbon and oxygen stable isotope composition of mollusc 
shells living in marginal marine environments can record the mixing between 
continental and marine waters (e.g. Mook and Vogel, 1968; Eisma et al., 1976; 
Ingram et al., 1976). 
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In the simplest case, at a given temperature, isotopic compositions of shells will 
describe a linear mixing trend between two end members corresponding to marine 
and continental environments when plotted in a δ13C vs δ18O diagram. Several 
studies have used this approach to reconstruct paleosalinity (e.g. Dodd and Stanton, 
1975; Hudson et al., 1995) and changes in river discharge (e.g. Ingram et al., 1976) 
in ancient marginal coastal deposits. However, local factors such as evaporation 
increase in the equilibration with atmospheric CO2 reservoir, in situ decay of organic 
matter, and strong biological activity may alter drastically the model (e.g. Lloyd, 
1964; Hendry and Kalin, 1997). 
The δ13C of mollusk shells primarily reflects the δ13C of dissolved inorganic carbon 
of ambient waters, the carbon isotopic composition of organic carbon consumed by 
the organism, and kinetic fractionation related to growth rates and calcification (see 
Goman et al., 2008). Mollusc shell δ13C variations are more difficult to interpret than 
δ18O because 12C-rich metabolically derived carbon may be incorporated into shell 
carbonate, obscuring variations in the carbon isotope composition of water column 
dissolved inorganic carbon (see references in Takesue and van Geen, 2004). Fossil 
mollusc shell δ13C has also been used to identify past productivity events, since 
photosynthesis enriches surface waters in 13C relative to 12C (Purton and Brasier, 
1997).  
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4.2. TRACE ELEMENTS  	  
Trace elements in a geological context are defined as: “all elements except the 
eight abundant rock-forming elements: oxygen, silicon, aluminium, iron, calcium, 
sodium, potassium and magnesium” (Thrush et al., 1968). However, for biogenic 
carbonates, only calcium is the major elements. 
Since the molal Mg/Ca ratio of seawater is 5:1, the inorganically precipitated marine 
CaCO3 should be high-Mg calcite (with 4-30 mol % MgCO3 in the CaCO3 structure 
according to Chave, 1954) with about 1.6-7.5% Mg or aragonite (Veizer, 1983). 
The mineralogy of calcium carbonate phase is the main factor controlling the 
concentration of a trace element or isotope in its structure.  
Carbonate minor (Mg, Sr) and trace elements may be incorporated into minerals in 
four ways (McIntire, 1963; Zemann, 1969; Veizer, 1983): 
1) by substitution for Ca2+ in the calcium carbonate structure; 
2) by interstitial substitution between planes 
3) by substitution at lattice positions being vacant due to defects in the structure; 
4) by adsorption due to remnant ionic charges. 
The factors 2, 3 and 4 have a subordinate importance to that of factor 1 and, unlike 
the latter, are essentially random. 
The reaction that expresses the incorporation of a divalent trace element (Me2+) 
within the calcite (Cc) is (McIntire, 1963):  
CaCO3(Cc) + Me2+(aq) = MeCO3(Cc) + Ca2+(aq) 
And the equilibrium constant K is given by: 
 
where ai is the activity of the ith component. The distribution coefficient , instead, is 
defined as: 
 
where Xi is the mo fraction of the component in calcite and mi the total molality if the 
dissolved species.  
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At equilibrium, the distribution coefficient should be close to 1. However, reported D 
values of bivalve shells, gastropods and otoliths deviate from this value (e.g. Gillikin 
et al., 2005; Freitas et al., 2006). 
D and K are related by the equation: 
 
where i is the activity coefficient of the respective component in calcite and  i’ is 
the total activity coefficient accounting for complexing of that aqueous species. The 
latter equation is also expressed as: 	  
where M means molar concentrations and the subscripts s and aq indicate the solid 
phase (i.e. calcite) and the aqueous phase. 
When the trace element distribution coefficient (D) for calcite and aragonite (Fig. 63) 
is greater than 1, the precipitated solid phase will contain, relative to Ca, higher Me 
concentrations than the water with which the solid phase was in equilibrium. On the 
contrary, for trace elements with D<1 the precipitated solid phase will have lower 
Me concentrations. 
The cell of aragonite incorporates preferentially cations larger than Ca (e.g. Sr, Na, 
Ba, U), while the cell of calcite, smaller, tends to incorporate smaller cations (e.g. 
Mg, Fe, Mn, Zn, Cu, Cd).  
Non marine carbonates, due to the different composition of meteoric waters, are 
usually depleted in Mg, Sr, Na, Ba, U and enriched in Zn, Fe, Co and Cu (Veizer, 
1983). 
 
D = K •
!CaCO3
!MeCO3
!
"
#
#
$
%
&
&
Cc
'
(
)
)
*
+
,
,
•
! '
Me2+
! '
Ca2+
!
"
#
#
$
%
&
&
aq
'
(
)
)
*
+
,
,
! !
MMe /MCa!" #$s =D MMe /MCa
!" #$aq
CHAPTER	  4	  -­‐	  STABLE	  ISOTOPE	  AND	  TRACE	  ELEMENT	  GEOCHEMISTRY	  	  
	  	   94	  
 
Figure 63 – Approximate trace element distribution coefficients for calcite and aragonite 
(Veizer, 1983). 
 
Carbonate precipitation today is mainly related to direct (skeletal) or indirect 
(variations in environmental parameters, as pH) biogenic factors. Biogenic 
fractionations, due to the disequilibrium in which some phyla precipitate their 
skeletons with the seawater in which they live, can in some cases increase, in other 
cases reduce, the concentrations of trace elements in calcium carbonates (e.g. 
Dodd, 1967; Milliman, 1974; Klein et al., 1996). 
The element composition of marine and freshwater mollusc shells has been shown 
to be connected to environmental parameters (Dodd, 1965; Lorens and Bender, 
1980; Bourgoin, 1990; Pitts and Wallace; 1994; Klein et al., 1996; Van der Putten, 
2000; Takesue and van Geen, 2004). 
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Past water temperatures have been reconstructed from Sr/Ca and Mg/Ca ratios of 
many taxonomic groups, such as brachiopods (Lowenstam, 1961; Powell et al., 
2009), corals (Beck et al., 1992; Mitsuguchi et al., 1996; Goodkin et al., 2007), 
foraminifers (Nürnberg et al., 1996), ostracods (Corrège, 1993), echinoids (Pilkey 
and Hower, 1960), sclerosponges (Rosenheim et al., 2004), belemnites (McArthur 
et al., 2007), gastropods (Sosdian et al., 2006) and bivalves (Dodd, 1965, 1967; 
Sch öne et al., 2011, among the others). Furthermore, the Sr/Ca and Mg/Ca ratios 
of artificial aragonite decrease with increasing temperature.  
It has been proven as the Mg/Ca and Sr/Ca ratios are temperature-dependent, but 
published results on the relationship between Mg/Ca and Sr/Ca ratios of bivalve 
shells and calcification temperature are highly ambiguous. Shell Mg/Ca and Sr/Ca 
ratios vary significantly among different bivalve species and even among 
conspecific and contemporaneous specimens from one locality (Gillikin et al., 2005; 
Lorrain et al., 2005; Freitas et al., 2008).  Several researches on Sr/Ca on different 
specimens revealed that Sr uptake reflect not only thermodynamic substitution but 
kinetic effects too (Stecher et al., 1996; Gillikin et al., 2005). A large negative 
temperature dependence has been pointed out in some species (Dodd, 1965; 
Surge and Walker, 2006) and a negative correlation between Sr/Ca ratios and the 
sea surface temperature is also observed in Arctica islandica (Schöne et al., 2011), 
which also show a trend towards increasing Sr/Ca with ontogeny. Gillikin et al. 
(2005) indicated that the Sr/Ca ratio and the intra-annual shell growth rate were 
positively correlated in butter clam Saxidomus giganteus, but not in hard clam 
Mercenaria mercenaria, and supposed that Sr/Ca was indirectely affected by 
temperature, via salinity, metabolism or food supply. Various authors, besides, 
noted a correlation of Mg and Sr content with growth rate (Swan, 1956; Takesue 
and van Geen, 2004; Gillikin et al., 2005; Lorrain et al., 2005) or ontogenetic age 
(Palacios et al., 1994; Freitas et al., 2005). 
The parameters controlling Mg incorporation into aragonite shells are also 
controversial. In Protothaca staminea, the relationship between water temperature 
and Mg/Ca shows interspecimen variations, suggesting that the temperature control 
of Mg/Ca can be more complex than that of Sr/Ca (Takesue and van Geen, 2004; 
Izumida et al., 2011). In Arctica islandica large inter- and intraspecific differences of 
Mg/Ca have been reported, indicating that in this species Mg is not incorporated 
within the aragonite crystal lattice but occurs in in organic material or in disordered 
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phases similar to amorphous calcium carbonate (Foster et al., 2008). Always in this 
species Schöne et al. (2010; 2011) reported the close relationship between shell 
Mg/Ca ontogeny and Mg-bearing organic material for ontogenetically old specimens. 
Ba/Ca ratios in marine biogenic carbonates are largely used as a proxy for 
paleoproductivity, for the association of oceanic barite with areas with high 
productivity. Moreover, Ba concentrations are usually higher in river and lakes than 
in seawater due to chemical weathering occurring in their catchment. For this 
reason, freshwater discharges have been recognized as important sources of Ba in 
seawater (Martin and Meyback, 1979). Ba concentration in shells can also reflect 
dissolved or particulate Ba concentrations in the water (Van der Putten et al., 2000; 
Lazareth et al., 2003) or the ingestion of Ba-rich phytoplankton by the organism 
(Stecher et al., 1996). Thus, marine molluscs could record episodic riverine or 
upwelling inputs of barium in the coastal areas (Torres et al., 2001; Elliot et al., 2009 
among the others).  
U/Ca ratios have been suggested as a proxy of oceanic  in aragonitic corals 
(Min et al., 1995; Shen and Dunbar, 1995; Anagnostou et al., 2011) and calcitic 
foraminifera (Russell et al., 2004). Shallow water coral also show a strong 
temperature control on skeletal U/Ca ratios (Min et al., 1995; Shen and Dunbar, 
1995). In addition, according to some studies (Kitano and Oomori, 1971; Chung and 
Swart, 1990), U content seems to be related to pH in inorganic aragonite and 
calcite: at higher pH less U is available to be incorporated in shell carbonate, 
because in aqueous solutions the carbonate ion complexes with the uranyl ion 
(UO22+) (Langmuir, 1978). 
Nevertheless, several papers reported strong diagenetic trends in fossil and recent 
shells that can mask the results (e.g. Kaufman et al., 1971; 1996; McLaren and 
Rowe 1996; Labonne and Hillaire-Marcel, 2000). 
 
4.3. DIAGENESIS OF SKELETAL CARBONATES 	  
Diagenesis is defined as “all those changes that take place in a sediment near the 
earth’s surface at low temperature and pressure and without crustal movement 
being directly involved” (Taylor, 1964). 
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The original carbonate phase, upon exposure to meteoric water, will dissolve 
partially or totally, will exchange and mix its trace elements and stable isotopes with 
those into the interstitial water and will diagenetically transformed into low-Mg 
calcite. High-Mg calcite, aragonite and low-Mg calcite, in fact, are apparently stable 
in the original depositional marine environment (Winland,1969; Bathurst, 1975; 
Möller and Kubanek, 1976; Brand and Veizer, 1980). However, in diagenetic 
meteoric environment high-Mg calcite and aragonite are metastable and undergo 
rapid alteration to the stable phase low-Mg calcite (Land, 1967; Schroeder, 1969; 
Bathurst, 1975). 
The interstitial meteoric water, generally, contains lower values of Sr2+, Na+, Mg2+, 
δ13C and δ18O, and more Mn2+, Fe2+ and Zn2+ than seawater (Turekian, 1972; Brand 
and Veizer, 1980; Morrison and Brand, 1986; 1988). For this reason, a decrease in 
strontium, sodium and possibly magnesium (depending on the mineralogy of the 
original carbonate phase) and an increase in manganese, iron and zinc in 
progressively alterated carbonates should occur. In contrast, Cross and Cross 
(1983) indicated an apparent increase in Sr content with decrease of Mg, and no 
change in U and mineralogy with early diagenesis of aragonitic corals. 
During the diagenesis, according to Brand (1989), no significant changes in 
chemical concentrations occurred fir Ba, Cu, Ni and Pb. 
Furthermore, taking into account the distribution coefficient (D) of the various 
elements, open or partly closed diagenetic systems will lead to a decrease of 
concentrations for elements with Dcalcite-water < 1 (Sr2+, Na+, Mg2+) and to an increase 
for elements with D > 1 (Mn2+, Fe2+ and Zn2+). 
Several papers, lastly, reported strong diagenetic trends and a secondary uranium 
uptake in fossil and recent shells (e.g. Kaufman et al., 1971; 1996; McLaren and 
Rowe 1996; Labonne and Hillaire-Marcel, 2000). Broecker (1963) and Blanchard et 
al. (1967) showed that fossil marine mollusks typically have much more uranium 
than do living ones. By comparing the uranium concentrations of fossils of various 
ages it was concluded that the uranium addition ended a relatively short time after 
death. 
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5. MATERIALS AND METHODS 	  
5.1. SITE SELECTION, FIELD CAMPAIGNS AND SAMPLING 
METHODS 	  
The study area was selected collecting and collating remote sensing (mainly 
satellite images) and literature data. The criteria for the selection of the area were:  
i) Occurrence of several orders of terraces, for which we can suppose the presence 
of at least Holocene, MIS5, MIS7, MIS 9 and MIS 11 successions;  
ii)  Availability of stratigraphic and morphological preliminary data;  
iii) Availability of a basic set of robustly dated units with 14C, U/Th and ESR, which 
reduces the cost of dating for some selected stratigraphic units;  
iv) Selection of an area for which a large influence of freshwater input can be 
neglected. This makes it possible to select samples, which give real information on 
sea conditions not complicated by mixing processes;  
v) Availability of local geodetic station to anchor elevation data and that can offer 
the opportunity to implement local topography thanks to GPS systems. The 
preliminary work allowed to selected the Golfo San Jorge area (Chubut and Santa 
Cruz Provinces) between Cabo Raso and Puerto Deseado, which includes all the 
required criteria listed above. 
 
In 2009, 2010 and 2011 three field work campaigns, lasting about a month each, 
were held for mapping and sampling the Pleistocene, Holocene and modern coastal 
deposits along the Golfo San Jorge area, in Chubut and Santa Cruz Provinces (Fig. 
64). The main stops were the areas of Cabo Raso, Bahia Camarones, Bahia 
Bustamante, Bahia Solano, Caleta Olivia and Puerto Deseado. These places 
allowed to visit and collect samples of the most important successions described in 
the older and recent literature (especially those sections containing robust 
chronological control and fossil accumulation are documented). In addition, new 
outcrops and sections were identified and sampled. 
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Figure 64 – Study area with main sampling localities. 
 
During the field work about 500 samples of fossils and sediment were collected for 
different analyses (stable isotopes and trace element analyses; U/Th, 14C and OSL 
dating; sedimentological and paleontological analyses). 
During the field observations particular attention was placed on the sediment grain 
size and composition, physical and biogenic sedimentary structures and 
fossiliferous content.  
Shell beds were sampled after the observation of the stratigraphic geometry, 
taphonomy and faunal composition.  
Specimens of Ameghinomya antiqua, bivalves belonging to the Mytilidae Family 
(e.g. Mytilus edulis and Aulacomya atra) and Nacella deaurata specimens, 
representing the dominant molluscan species in these deposits, were chosen for the 
analyses. In order to decrease the possibility that shells were reworked from older 
beds, articulated shells collected within the deposits were preferred for the analyses 
(Figs. 65-66).  
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Figure 65 – Shell bed in a Pleistocene beach ridge. Articulated shells of 
Ameghinomya antiqua. This represents a storm accumulation. 
 
 
Figure 66 – Articulated Mytilidae shells in a Pleistocene beach ridge. 
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Mollusc specimens from the active beaches as effect of storm activity were 
collected for using them as reference for fossil counterpart. To be sure that the 
samples were from the modern beach and not reworked from older layers, were 
chosen only bivalve specimens still having the ligament, an elastic fibrous 
multilayered structure which allow to the valves to be joined together (Fig. 67). 
 
 
Figure 67 – Modern active beach with Ameghinomya antiqua specimens preserving 
the ligament. 
 
Any section and sampling point were positioned by using a GPS (GPSmap60CSx 
Garmin) equipped with a high precision barometric altimeter (Fig. 68). Data were 
regularly tested at sea level and corrected by tide effect using the “tablas de marea, 
Servicio de Hidrografia Naval, Buenos Aires”, available on line and using local 
geodetic points.  
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Figure 68– GPS used in the field work for samples positioning. 
 
The samples were collected in bags and classified with the number taken from the 
GPS (e.g. WP 1, WP 2). If for every sampling station (WP), the number of samples 
was superior to 1, at the station number a letter to distinguish different types of 
sample was added (e.g. WP 1A, WP 1B). 
 
5.2. CONSTRUCTION OF A GEOGRAPHICAL DATABASE 
OF SAMPLING POINTS  
 
During the field work campaigns in Patagonia about 1400 control and sampling 
points were acquired with a GPS (Fig. 68).  
These sampling points were converted to shapefile format and imported in ArcMap 
of ESRI ArcGIS platform. 
The geographic database, called wp_tot_20n, is constituted from the fields directly 
imported from the GPS (Fig. 69) and new fields that were added to make the 
database as complete as possible. 
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Figure 69 – The default fields imported from the GPS.  
 
Specifically, the fields were added: 
• DESCR: to describe the point where it was acquired (e.g. in a beach ridge, on an 
active beach, in a quarry); 
• LOCALITY: to indicate the location in which the point was carried out; 
• TYPE: to show the type of sample collected at that point (sediment, shells, 
paleosoil); 
• NOTE: for more descriptive notes; 
• DATING: dating obtained on the samples were inserted. 
 
Furthermore, during the field work a lot of pictures were made. The pictures were 
acquired and placed in one folder, to use them to hyperlinks through the ArcGIS 
geographic database (Fig. 70). In fact, in ArcMap by clicking on the point 
corresponding to the sampling point, you see the picture of the sample. 
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Figure 70 - Hyperlink to a photo database using ArcMap. 
 
5.3. ECOLOGY AND DISTRIBUTION OF THE ANALYZED 
SPECIES 	  
The species analyzed in this study were selected based on their abundance in the 
studied deposits and their degree of preservation. On the basis of these 
characteristics, the selected species are: Ameghinomya antiqua, Mytilus edulis, 
Aulacomya atra and Nacella deaurata. 
Below are the main characteristics in terms of ecology and geographical distribution 
of these species. 
 
5.3.1. Ameghinomya antiqua 	  
Ameghinomya antiqua is a marine bivalve species belonging to the family 
Veneridae. This species has a generic and subfamiliar assignment still debated. 
Some authors include it in Venus (Fisher-Piette, 1975; Fisher-Piette & Vukadinovich, 
1977; Osorio et al., 1983; Stead et al., 1997; Reid & Osorio, 2000; Gordillo et al., 
2008), in Protothaca (Carcelles, 1950; Feruglio, 1950; Castellanos; 1967; Herm, 
1969; Rìos; 1975, 1994, Figueiras & Sicardi, 1979; Aguirre & Farinati, 2000), in 
Chione (Frizzel, 1936; Carcelles, 1944) or in Ameghinomya (Ihering, 1907; Soot-
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Ryen,1959; Figueiras & Sicardi, 1969; Osorio & Bahamonde, 1970; Osorio et al., 
1979; Bernard, 1983; Beu, 2004; Huber, 2010; Pérez et al., 2013). According to 
Gordillo et al. (2008), it differs from species of Protothaca in its shape and in the 
prominence of its external sculpture (Beu, 2004) and it is distinguished from species 
of Ameghinomya for the presence of a nodular anterior lateral tooth in the left valve 
(Osorio et al., 1983).  
Moreover, in a molecular analysis within the family Veneridae, Kappner and Bieler 
(2006) found that this morphotype (i.e., with a lateral tooth) falls into the Venerinae s. 
novo clade.  
In a recent work Pérez et al. (2013), based on morphological characteristics and 
phylogenetic analysis, include the species Venus antiqua in the genus 
Ameghinomya Ihering, 1907. 
In the light of this new work within this thesis I refer to this species as Ameghinomya.  
Ameghinomya antiqua shows a thick medium to large shell, subcircular, 
inequilateral. The umbo is prosogyrate and the lunule is lanceolate. The external 
surface is ornamented with concentric lamellae more prominent towards the ventral 
edge, which give the shell a reticulated appearance (Fig. 71). The periostracum is 
absent. The hinge is characterized by three cardinal teeth in each valve and a small 
tooth front side of the valve left (Guzman et al., 1978). The inner edge results finely 
striated and the pallial line is separated from the edge showing a short triangular 
sinus (Fig. 72). This species, like all the specimens belonging to the family 
Veneridae, presents aragonite shell (Taylor et al., 1973; Carter et al., 1990; 
Takesue and van Geen, 2004; Foster et al., 2008). 
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Figure 71 – Modern specimen of Ameghinomya antiqua. Exterior view.  
 
 
Figure 72 - Modern specimen of Ameghinomya antiqua. Interior view. 
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Ameghinomya antiqua is a semi-infaunal or infaunal filter feeder living on silty-sand 
to gravelly sand bottoms from the lower half of the intertidal zone to 40 m in depth 
(Ramorino, 1968; Clasing et al., 1994; Urban, 1994a; Urban and Tesch, 1996; 
(Stead et al., 1997; Reid and Osorio, 2000; Aguirre, 2003; Gordillo et al., 2008). 
This species feeds on plankton and organic detritus, and also exhibits annual 
reproductive cycles with long spawning (Verdinelli and Schuldt, 1976; Lozada and 
Bustos, 1984), displaying variations in their reproductive cycles, which can be 
associated with variations in salinity and temperature affecting the coastal areas 
(Stead et al., 1997). Ameghinomya antiqua may develop under normal to lower 
salinity (21-27‰ according to Reid and Osorio, 2000) and tolerates a temperature 
range from 4º to 20ºC (Urban, 1994b).  
Ameghinomya antiqua is a dominant member of the shallow-water, soft bottom 
communities of the south central part of South America coast zone, also inhabiting 
the Beagle Channel (Fig. 73), and can be found up to Callao (northern Peru) on the 
Pacific side, while on the Atlantic side can be observed up to the coasts of Uruguay 
(Urban, 1996; Osorio et al., 1983; Reid & Osorio, 2000; Gordillo et al., 2008). 
Ameghinomya antiqua is a typical element of the Magellanic Province, but also 
penetrates the Argentinean Province (Aguirre et al., 2008). 
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Figure 73 – Living distribution (slashed line) and 
locations of fossil records (dots) of 
Ameghinomya antiqua (Venus antiqua in the 
paper) from Gordillo et al. (2008). 
 
 
The maximum northward extension of fossils Ameghinomya antiqua corresponds to 
a middle Pleistocene interglacial episode dated to the Marine Isotopic Stage 11 
(Ortlieb et al., 2003).  
In the San Jorge gulf and the surrounding areas (e.g. Bahia Vera and Bahia 
Camarones) the oldest deposits containing Ameghinomya antiqua are dated to the 
Marine Isotopic Stage 9 (see Chapter 2 and references therein). 
Ameghinomya antiqua, thanks to its stratigraphic distribution, the good state of 
preservation in fossil deposits and the high frequency both in the fossil levels both in 
current deposits, is one of the best species to be analyzed to reconstruct the 
paleoclimatic and paleoenvironmental conditions of the Atlantic coast of Argentine 
Patagonia. 
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5.3.2. Mytilus edulis 	  
Mytilus edulis, also known as blue mussel, is a medium-sized marine bivalve 
mollusc of the family Mytilidae. This species is characterized by a smooth 
inequilateral shell, usually purple, blue, or dark brown, which features concentric 
growth lines emanating from the hinge (Fig. 74). The interior of the shell is pearl-
white (Fig. 75). Internally the mantle has a whitish/yellow color, with a posterior 
adductor scar significantly larger than its anterior adductor scar. Extending from the 
closed shell are fibrous brown byssal threads for attachment to a surface. The outer 
surface of the shell is covered by the periostracum which when eroded, exposes the 
colored prismatic calcitic layer.  
 
Figure 74 – Modern Mytilus edulis. Exterior view after cleaning of the shell and 
periostracum removal. 
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Figure 75 – Modern Mytilus edulis. Interior view. 
 
The shell of M. edulis consists of biogenically produced calcium carbonate and 
proteins. The calcium carbonate is constituted by calcite and aragonite, which form 
a thick prism outer and a thin inner nacre layer respectively. Moreover, a resistant 
outer organic layer, the periostracum, overlay the calcitic layer (Wilbur, 1972). 
Organic material is also present within single crystals as well as providing a 
framework for the mineralized component. 
The specimens belonging to this species are semi-sessile, having the ability to 
detach and reattach to a surface allowing the mollusk to reposition itself relative to 
the water position.  
Mytilus edulis is an epifaunal suspension feeder species found in intertidal up to 
subtidal environment (it has been reported up to 25 m in depth) attached to rocks 
and other hard substrates (Seed and Suchanek, 1992) by strong thread-like 
structures called byssal threads, secreted by byssal glands located in the foot of the 
mussel, or as loose beds on sandy substrata (Lozan et al., 1996). 
Mytilus edulis is highly tolerant to a wide range of environmental conditions. This 
species is eurythermal and is able to withstand freezing conditions for several 
months. Blue mussels are well acclimated to a 5 to 20 °C temperature range, with 
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an upper sustained thermal tolerance limit of about 29 °C for adults Almada-Villela 
et al., 1982). Blue mussels do not thrive in salinities of less than 15‰. 
Mytilus edulis is the most widely distributed species within the genus and according 
to Aguirre & Farinati (2000), Aguirre (2003) and Aguirre et al. (2009) belongs to the 
group I, in which eurythermal or cosmopolitan species are included (Fig. 76). 
 
 Figure 76 – Mytilus edulis modern distribution (Aguirre et al., 2009). 
 
Mytilus edulis represents one of the most abundant species within the marine 
Holocene deposits of the Patagonia Atlantic coast, but it is also present in the 
Pleistocene successions (Aguirre & Farinati, 2000; Aguirre, 2003; Aguirre et al., 
2005; 2006; 2008; 2009; Ribolini et al., 2011; Zanchetta et al., 2012). 
5.3.3. Aulacomya atra 	  
Aulacomya atra also belongs to the family Mytilidae (Soot-Ryen, 1959). This 
species has big shell usually purple, blue in adult specimens or light brown in 
juvenile, equivalve and inequilateral. The umbo, as in Mytilus, is prosogirate.  The 
hinge presents interlocking folds, at the left valve forms a tooth, which is inserted 
into a depression on the right. The external surface shows well differentiated radial, 
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weakly anastomosing costae (Fig. 77). The interior of the shell is nacreous (Fig. 78). 
 
 
Figure 77 – Modern Aulacomya atra. Exterior view after periostracum removal. 
 
The shell microstructure is constituted by an outer calcitic fibrous prismatic layer 
and an aragonitic inner nacreous layer (Fig. 78). The outer calcitic layer is covered 
by the periostracum. 
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Figure 78 – Modern Aulacomya atra. Interior view. 
 
Aulacomya atra is an epifaunal suspension feeder species living in intertidal up to 
subtidal environment generally up to 30/40 m in depth, but occasionally it has been 
found up to 85 m along the Malvinas Islands coasts (Zaixso, 1999), attached to 
rocks and other hard substrates. Along the Argentinean Patagonia coasts this 
species forms shoals whose maximum concentration is between 3 and 12 m depth 
(Zaixso, 1999). 
Aulacomya atra is linked to environments with high hydrodynamic (currents, waves) 
and is considered to affinity cold (Group IV belonging to the Magellanic Province 
according to Aguirre & Farinati, 2000 and Aguirre et al., 2009; Fig. 79). Being also a 
form intertidal is certainly euryhaline with ability to withstand values higher or lower 
than those typical marine. In these environments is also reported in pools with low 
salinity (15-20 ‰). 
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Figure 79 – Geographical distribution of Aulacomya atra in South America (Aguirre et 
al., 2009). 
 
Aulacomya atra presents a geographical distribution between El Callao (12° S) in 
Peru and the Strait of Magellan along the Pacific coast, and it reaches the southern 
areas of Brasil along the Atlantic coast (Osorio et al., 1979; Pìa Mena et al., 2001). 
This species is also found on the coast of New Zealand and Southern Africa, from 
Namibia to Port Alfred, South Africa (Branch et al., 2005). 
Together with Mytilus edulis, Aulacomya atra is one of the most abundant species 
within the Holocene marine deposits outcropping along the Patagonian Atlantic 
coast (Aguirre & Farinati, 2000; Aguirre, 2003; Aguirre et al., 2005; 2006; 2008; 
2009; Ribolini et al., 2011; Zanchetta et al., 2012). 
5.3.4. Nacella (Patinigera) deaurata 	  
The species Nacella (Patinigera) deaurata belongs to the family Nacellidae, marine 
gastropods molluscs.  
The grayish-brown shell is conical, oblique, thick and relatively translucent (Fig. 80). 
Numerous broad rounded radial ribs and well-defined concentric growth lines from 
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the central zone towards the margin are present. Primary ribs are dark brown 
colored and bifurcate towards the margin, the interspace is white. The interior of the 
shell is nacreous, with a brown spot corresponding to the animal body impression 
and shows radial dark brown lines and white interspaces which are the equivalent to 
the exterior color pattern (Fig. 81). 
 
Figure 80 – Fossil Nacella (Patinigera) deaurata. Exterior view. 
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Figure 81 – Fossil Nacella (Patinigera) deaurata. Interior view. 
 
The specimens belonging to the genus Nacella have a predominantly foliated 
calcitic shell structure, with a small amount of aragonite (Mac-Clintock, 1976). 
These limpets are epibenthic, sessile grazer feeder, found on rocky shores of 
supralittoral, intertidal and sublittoral environments up to 30 m depth (Morriconi, 
1999; Gonzáles-Wevar et al., 2011). 
N. deaurata are cold-water limpets found in the Antarctic and sub-Antarctic waters, 
very common on rocky-shores of Patagonia coasts and of the Beagle Channel 
(Morriconi, 1999; Aguirre & Farinati, 2000; Malanga et al., 2004; Aguirre et al., 
2009) and in archaeological sites of this region (Orquera and Piana, 2001, 2002; 
Verdún, 2010; Verdún et al., 2010; Colonese et al., 2011, 2012), having their center 
of distribution in the Magellanic Province of South America. 
No data has been found on the salinity tolerance of this species. However, being a 
form also intertidal, is certainly euryhaline with ability to withstand different values 
from those typical marine. 
Specimens of Nacella (Patinigera) deaurata were found in both the Holocene and 
Pleistocene deposits outcropping in the study area (Aguirre & Farinati, 2000; 
Aguirre, 2003; Aguirre et al., 2005; 2006; 2008; 2009; Zanchetta et al., 2012). 
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5.4. ANALYTICAL METHODS 	  
5.4.1. Sample preparation 	  
One to ten whole and well preserved shells were analyzed for each layer.  
The shells were rinsed several times with deionized water and hydrogen peroxide 
and cleaned in an ultrasonic bath. If some part of shells was still dirty, it was 
cleaned manually with a drill to ensure complete removal of all detrital material. The 
shells were transferred again to the ultrasonic bath and cleaned using deionized 
water and then dried in an oven at 60°C. Each valve of Ameghynomia antiqua was 
cut using a rock saw along the axis of maximum growth along to anterior to the 
posterior line of section (Fig. 82) and then a half valve was powdered using a mill in 
agate rings (Fig. 83) for XRD, stable isotope and trace element analyses, whereas 
for specimens belonging to the Mytilidae Family and Nacella deaurata a whole valve 
was powdered. The remaining half valve of A. antiqua not powdered, and the other 
valve of Mytilus edulis or Aulacomya atra, in the case of samples with articulated 
shells, were used for radiocarbon and U/Th dating.  
 
 
Figure 82 – Rock saw cutting an Ameghynomia antiqua shell along the axis of 
maximum growth. 
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Figure 83 – Ameghinomya antiqua shell powdered with a ring mill. 
 
5.4.2. Powder X-ray diffraction analysis 	  
Aragonite, forming totally or partially the shell of the bivalves analyzed, is the least-
stable calcium carbonate phase at the Earth’s surface (Fig. 84) and is diagenetically 
transformed into low-Mg calcite (Land, 1967; Brand and Veizer, 1980).  
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Figure 84 – Stability fields of calcite and aragonite (Clark, 1957). 
 
It has been demonstrated that the transformation of aragonite in calcite causes 
variations in the isotopic composition and concentration of trace elements in the 
shells carbonate (Fig. 85 and Chapter 4.3). 
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Figure 85 – Trace element and stable isotopes diagenetic trends (Brand & Morrison, 
1987) 
 
X-ray diffraction provides an easy way to distinguish between the two polymorphs of 
CaCO3, aragonite and calcite.  
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For this reason several shell mineralogical analyses determined by qualitative X-
Ray powder Diffraction (XRD) of random samples were carried out to indicate 
whether diagenetic mineral transformation had occurred.  
The powder diffraction is the general method used in the study of sedimentary 
materials. 
The sample powdered (1-50 micron particle size) is introduced in the diffractometer. 
The direction of the primary beam of XR remains constant because the sample 
rotates around an axis normal to the primary beam. The diffracted beams that arrive 
at the detector, in solidarity with a goniometer, are reported as peaks on a paper. 
The diffractometer is designed so that the arm of the goniometer and the detector 
integrated with it, rotate the double compared to the direction of the sample (Fig. 86). 
So while the sample rotates by an angle θ, the detector wheel angle 2θ, which is 
thus the angle read from the protractor.  
The geometry of the diffractometer is such that only the grains of the mineral whose 
lattice planes are parallel to the surface of the sample holder will contribute to the 
beam secondary reflection that will arrive at the detector. 
 
 
Figure 86 – Diffractometer scheme. 
 
 
Each angle is relative to a crystal lattice that has a distance "d" between the 
different floors. Every mineral has a particular number of lattice, then the diffraction 
produces a single set of reflections (peaks) on the strip named diffractogram. This 
characteristic is due to the position of each measured reflection with the angle 2θ 
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and with the intensity of each reflection. The ''relative intensity” (I/I1) is equal to the 
intensity of a particular reflection as ratio with the stronger reflection. 
Calcite and aragonite have their highest-intensity peaks at different positions, and 
the general look of the two patterns is different. Aragonite has its greatest peak 
(111) at relatively small °2θ and has several lesser peaks, whereas calcite has a 
booming 104 peak a bit to the right of the aragonite large peak, and few and 
comparatively small other peaks (Fig. 87). 
 
 
Figure 87 – Calcite (C) and aragonite (A) mixtures diffractograms 
(Railsback, 2012).  
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XRD analyses were performed at the Earth Science Department in Pisa, using a 
diffractometer equipped with a Philips PW 1830 generator, a Philips PW1050725 
goniometer and an acquisition system of the diffractions Philips PW1710. The 
profile-analysis of x-ray reflections and the phase identification was made using the 
Winfit program.  
The mineralogical composition of fossil shells was compared with the mineralogical 
composition of modern shells (Appendix A). 
To identify the limits of detection of calcite in a mixture with a predominantly 
aragonitic composition, some mixtures of known composition of calcite and 
aragonite were prepared. Specifically, the XRD analyses were performed on 
powders with a percentage of 1%, 3.5%, 5% and 10% of calcite in aragonitic 
samples.  
XRD analysis was carried out also on 11 paleosols sampled in the study area.  
 
5.4.3. Petrographic analysis 
 
Thin sections of the shell of modern, Holocene and Plestocene specimens of 
Ameghinomya antiqua were performed to observe the structure of the shell and 
possible recrystallization and alteration. 
The shells were cut with a rock saw along to anterior to the posterior line of section 
and embedded in epoxy resin. 
Thin sections were then observed with a petrographic microscope. 
5.4.4. Dating methods 	  
5.4.4.1. Radiocarbon dating 
 
Almost 50 samples of shells and sediments from Holocene deposits were dated 
using the radiocarbon dating (Appendix A) for improving the stratigraphy of 
Holocene beach-ridges successions.  
Selected shell samples for radiocarbon dating were firstly cleaned mechanically, 
then cleaned in ultrasonic bath with addition of oxygen peroxide and gently etched 
with dilute HCl. 
The 14C dating was performed in collaboration with the Centre for Isotopic Research 
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on Cultural and Environmental heritage (CIRCE) of Caserta (Director Prof. Terrasi) 
trough AMS facility (Tandem acceleration Pelletron 3 MV). From the selected 
samples, CO2 is produced in muffle at 920°C for 6 hours, inside a sealed quartz 
tube and then purified in a cryogenic line. The purified CO2 is then converted to 
graphite by the Bosch reaction in a multisamples graphitization line controlled by a 
Lab View interface (Passariello et al., 2007). The graphite samples are pressed into 
an aluminium cathode and then measured with the AMS system (Terrasi et al., 
2008). 
Radiocarbon data are reported as Fraction Modern (FM), the ratio 14C/12C in the 
sample, corrected for isotopic fractionation, with respect to a “Modern” sample 
defined as the 95% activity (in AD 1950) of NBS Oxalic Acid I normalized to δ13C =-
19 ‰ PDB (Olsson, 1970). Conventional radiocarbon age is always reported 
without adjustment for differences in 14C specific activity of reservoirs, i.e. the 
difference between the atmospheric 14C content and the local 14C content of ocean 
surface water. 
Schellmann & Radtke (2010) observed that the estimate reservoir effects, on the 
whole, are relatively close to the average value for the mean ocean (about  400 
years according to Hughen et al., 2004). Nevertheless, they suggested care in using 
calibrated chronologies. 
Data estimating reservoir marine correction for the sector studied of Patagonian 
coast, in fact, are very few. In particular, for present day reservoir effect Cordero et 
al. (2003) reported 14C offset values from different localities between ca. 42° and 
50°S for surface waters ranging between ca. 180 and 530 yr. Surface water of the 
Falkland current has a 14C reservoir value of about 560 to 600 years, corrected for 
atmospheric atomic testing (Broecker and Olson, 1961).	   For the past, Butzin et al. 
(2005) use a 3-D ocean circulation model to asses reservoir age differences in 
Southern Ocean since LGM. Reservoir Age Model Estimates for this area are 
around 500 yr (http://www.radiocarbon.ldeo.columbia.edu). 
A living shell of Aulacomya atra collected in the studied area gave an apparent age 
of –390±50 yr BP.  
For this reason, conventional radiocarbon ages are firstly reported and discussed 
without reservoir marine correction.  
For completeness, however, corrections and calibrations are performed using the 
marine calibration curve Marine13 curve in CALIB 7.0 (Reimer et al., 2013). All 
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calibrated data were presented using 2 sigma uncertainty term (95% degree of 
confidence). 
 
5.4.4.2. U/Th dating 
 
The U–Th decay scheme is a highly robust dating method for carbonate materials 
up to half a million years in age even if application to shell is still challenging 
(Broecker, 1963; Blanchard et al., 1967; Kaufman et al., 1971; 1996; McLaren and 
Rowe, 1996; Labonne and Hillaire-Marcel, 2000). 
Small chunks of solid and pristine shell material were extracted from 8 
Ameghinomya antiqua specimens coming from Pleistocene outcrops in order to 
apply the α-spectrometric 230Th/234U dating method. Almost all of the samples were 
from outcrops dated in prior to Schellmann & Radtke (1997, 2000; 2003) so as to 
compare the age obtained by this method with those obtained by the method of 
ESR. 
Bearing in mind the problem of a secondary uranium uptake in fossil and modern 
shell (Chapter 4.3) and having observed through the thin sections (Chapter 6) that 
major alterations of the shell take place in the outer layer of the shell, the samples 
of A. antiqua were then prepared for U/Th dating abrading with a drill the inner and 
the outer surfaces of the shell and keeping only the core of the inner layer. 
 
The U/Th ages were determined using a multicollector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) at the School of Earth Sciences at University of 
Melbourne following the method of Hellstrom (2003, 2006). 
Uranium and thorium are separated using ion-exchange resins and liquid-liquid 
extraction techniques and counted using an alpha spectrometer equipped with 
silicon-barrier detectors. The age of the pedogenic carbonate is calculated 
measuring the (230Th/232Th), (234U/232Th) and (238U/232Th) activity ratios of four 
coeval sub-samples, in order to obtain the value of (230Th/234U) and (234U/238U) 
activity ratios in the pure carbonate fraction. Such values are respectively calculated 
from the slopes of the regression lines in (230Th/232Th) vs (234U/232Th) and 
(234U/232Th) vs (238U/232Th) isochron plots. 
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5.4.5. Strontium isotope analysis 
 
For selected samples 87Sr/86Sr analyses for characterizing past local seawater 
composition and/or possible mixing with local freshwater were performed. 
Sr isotopic analyses were carried out on 7 specimens of A. antiqua collected from 
active beach and Holocene and Pleistocene beach ridges in Camarones and Bahia 
Bustamante area and on 7 Mytilidae shells sampled on the modern beach and in 
Holocene ridges of different ages outcropping in Camarones area (Fig. 64). 
The Sr isotope ratios act as an independent indicator of water source, i.e., 
continental versus marine, and therefore indirectly as indicators of salinity.  
Deviation away from typical marine values reflects the contribution of non seawater 
Sr. In the present setting, and in the absence of post-depositional and diagenetic 
alterations, values lower than typical marine Sr are thought to represent large 
additions of fresh water which contain Sr from rock weathering of the rocks which 
forming the catchment. 
The Sr isotopic composition of the main Patagonian rivers (Chubut and Deseado 
rivers) that flow in the study area is comprised between 0.706340 and 0.706821 
(Brunet et al., 2005). 
North Atlantic seawater standard currently used at NIGL gives 0.70916 ± 0.00011. 
The 87Sr/86Sr ratios were measured by thermal ionization mass spectrometry (TIMS) 
at the laboratories of the Department of Mathematics and Geosciences, University 
of Trieste. The powdered samples were dissolved in ultrapure HCl; separation of Sr 
from the matrix was performed by ion exchange chromatography, using Bio-Rad 
resins Dowex AG50W X -8, 200-400 mesh, H + form. The eluate was appropriately 
transferred on a tungsten filament for the subsequent ionization of the element, after 
conversion to form nitrate and using TaCL5 as emitter. 
The isotopic composition of Sr was obtained through a mass spectrometer VG 54; 
87Sr/86Sr ratios were normalized to the ratio 86Sr/88Sr = 0.1194 for the correction of 
the splitting. Repeated analysis of the isotopic standard NIST -SRM 987 gave a 
mean value of 0.71024 ± 0.00002 (n = 12), in agreement with literature data, was 
therefore not applied any correction to the measured ratios for any instrument drifts. 
The errors associated with the 87Sr/86Sr ratios represent the counting statistics "in -
run", expressed as 2-σ including the contribution of the dispersion relations. 	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5.4.6. Carbon and oxygen isotope analysis 
 
In this thesis the research had focused on the study of the trace elements (about 
150 analyses) and stable isotopes (δ18O and δ13C, about 500 analyses) on the 
mollusc shells collected from middle Pleistocene to Holocene beach ridges and 
modern beach deposits (Appendix A). 
 
5.4.6.1. Mass spectrometry 
 
Mass spectrometry is an analytical technique used for both the identification of 
unknown substances both for the analysis of trace substances. 
A mass spectrometer separates charged atoms and molecules on the basis of their 
masses and motions in magnetic and/or electric fields. 
The methods of mass spectrometry are those far more effective to measure and 
quantify the relative isotopic abundances of constituents of a material (Hoefs, 2009). 
These methods are implemented through the use of mass spectrometers with which 
determine isotope ratios (Isotopic Ratio Mass Spectrometers, IRMS). 
The functions of a mass spectrometer are substantially the following: 
1. produce positive ions from the molecules; 
2. separate the ions produced in function of their mass / charge ratio; 
3. measure the relative abundance of each ion. 
In general, the main constituents of an IRMS mass spectrometer (Fig. 88) are: a) 
the analyser (ion source, flight tube and collector system); b) a differential pumping 
system to maintain a vacuum within the analyser; c) the dual inlet; d) a carbonate 
preparation apparatus to generate CO2 for analysis. 
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Figure 88 – Schematic representation of a gas-source mass spectrometer for stable 
isotopes analysis (Hoefs, 2009). 
 
The analyser is constituted by an ion source producing a beam of mono-energetic 
ions from the sample gas, a flight path that passes through a permanent magnetic 
field, and a collector system collecting spatially separated components of the beam. 
The ion source impart energy to the maximum number of incoming neutral gas 
molecules, which are first given an electric charge by stripping them of single 
electron (are ionised) and then the charged molecules are given an exact amount of 
energy by an electric field, and shot into a magnetic field, where they follow curved 
paths dependent on their mass. After passing through the magnetic field, the 
separated beams of molecules are collected in Faraday “bucket” collectors. By 
collecting two or three ion beams of the isotopes (in the case of carbon dioxide, the 
isotopes collected are of masses 44, 45 and 46 amu) simultaneously, the ratio of 
the currents can be measured directly, obtaining greater precision. The ratios are 
calculated by the software controlling the IRMS. 
The differential pumping system is constituted by a turbo-molecular pump, which 
provides the ultimate vacuum to the analyser, coupled with a mechanical rotary 
pump two-stage. 
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The dual inlet ensures that both sample and reference gases are presented to the 
analyser at the same pressure and handled in the same way while one is flowing 
into the ion source, the same amount of the other is being pumped to waste, 
ensuring that flow conditions remain the same for both sample and reference. The 
ion currents of sample and standard are balanced by varying the size of the gas 
reservoirs using stepper motors. 
5.4.6.2. Bulk isotopic analysis  
 
The isotopic analyses were carried out at Istituto di Geoscienze e Georisorse (IGG) 
at CNR in Pisa. 
After the shells were cleaned and reduced to powder, amount of powder between 
10 and 15 mg of the whole shell were weighed using a digital precision balance.  
The samples were, then, introduced in glass reaction tube-shaped y, which are 
specially built to keep separate the sample and the phosphoric acid. 0.6 ml of 100% 
phosphoric acid	   with a disposable dropper were added to the other partitioned 
chamber of each reaction tube, making sure to do not drip any acid on the sample 
(Fig. 89). 
 
Figure 89 – Reactions tubes containing powdered shell samples and phosphoric acid. 
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The tubes were connected, by means of a coupling with a stopcock, to a high 
vacuum line where both the acid that the powder underwent a degassing until a 
pressure of 10-3 mbar, in order to eliminate atmospheric CO2 and other gases that 
would, otherwise, have gone to interfere final analysis (Fig. 90). 
 
 
Figure 90 – CO2 purification and extraction line used for the carbonate isotopic analysis. 
 
The tube and the joint were then immersed in a thermostatic bath at a temperature 
of 70 °C; here, once the sample and the phosphoric acid reached equilibrium with 
the water temperature, were put in contact and left to react for one hour (Fig. 91). 
 
The CO2 is produced by reaction of the carbonate with phosphoric acid: 
3CaCO3 + 2H3PO4 !Ca3(PO4)2 + 3CO2 + 3H2O 
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Figure 91 - Thermostatic bath. 
 
The carbon dioxide released by the reaction between the phosphoric acid and the 
carbonate powder was purified on the high vacuum line using liquid nitrogen (T = -
196 °C) and a cryogenic mixture (T = -80 °C) formed by ethyl alcohol and liquid 
nitrogen (Fig. 92). 
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Figure 92 – Extraction of carbon dioxide. 
 
 At the end of the purification process the CO2 devoid of extraneous condensable 
components in liquid nitrogen was collected in special sample holder for the final 
analysis to the mass spectrometer. 
The stable isotope composition of carbon and oxygen was analysed by mass 
spectrometric determination of the mass ratios of carbon dioxide (CO2) using a 
Varian Mat 252 mass spectrometer (Fig. 93). 
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Figure 93 – Varian Mat 252 mass spectrometer used for the isotopic analysis. 
 
 
The IRMS measures two ratios: the mass 45/44 ratio and the mass 46/44 ratio, 
these being the three isotopic masses collected and measured in the analyser. 
Mass ratios 45/44 and 46/44 were used to calculate δ13C and δ18O respectively. 
Corrections were applied using the method prescribed by Craig (1957) accounting 
the presence of 17O and other interference in the system. 
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Isotopic results were reported using the conventional δ‰ notation, with reference to 
the Vienna Pee Dee Belemnite (VPDB) international standard (Coplen, 1995; 
Gonfiantini et al., 1995). Precision of each analysis was calculated through addition 
of internal laboratory marbles (MAB, MOM and MS) standards. The internal 
laboratory standards were tested during the analysis against the International 
Atomic Energy Agency (IAEA) intercomparison material, NBS-18, NBS-19, NBS-20, 
producing acceptable values for the respective known composition of the standard. 
For each batch of analyses, reproducibility between MAB, MOM and MS standards 
for both 18O/16O and 13C/12C better than 0.1‰ was required to ensure accuracy.  
The analytical reproducibility for the samples analyzed was <0.1‰ for both the 
values of the δ13C than for δ18O. 
Variability between replicates analyses was, on average, <0.2‰. Where the 
reproducibility of the analysis was >0.2‰ the analysis was replicated. Higher 
incidences of variability in some sample replicates were attributed to possible 
remaining organic matter (for modern samples), contamination within the shell 
structure, slight contamination between samples and occasional sample 
heterogeneity. 
 
5.4.7. Trace element analysis 
 
Trace element analysis was carried out on shells and also on paleosols outcropping 
in the study area to observe if marine molluscs had undergone alteration by 
meteoric waters. 
5.4.7.1. Sample preparation for trace element analysis 	  
The extracting solutions from the powdered shells were prepared by using 
concentrated high purity acids (Carlo Erba Suprapur HCl and HNO3) and Milli-Q 
water (Millipore) with a resistivity of 18.2 MΩ cm. All the containers and glassware 
used were previously cleaned with nitric acid and rinsed carefully with Milli-Q water. 
Aliquots of about 1-2 g of samples (shells and soils) were digested with a 5 ml of a 
mixture of HCl and HNO3 (3:2) in closed Teflon PFA vessels. The vessels were 
tightly closed and placed into the microwave system. The heating program was: 2 
min at 150°C (75% of 800 W), 10 min at 180°C (100% 800 W). Blank assays were 
carried out. 
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Metals were extracted using a CEM Mars 5 Accelerated Reaction System 
(Matthews, NC, USA) equipped with temperature and pressure regulation via a 
sensor vessel. 
After the reactions, once the vessels cooled down, the solutions were filtered using 
glass microfiber filters (Whatman® Grade GF/A - 1.6 µm) into glass vessell and 
diluted to 20 ml with Milli-Q water. The extracts were stored at 4 °C inPET-HD flasks 
previously cleaned with nitric acid. 
After the digestions samples were diluted several times for the ICP-OES analysis. 
Standards with known dilution were used for each element analyzed. 
 
5.4.7.2. ICP-OES  	  
The Optical Emission Spectrometry (OES) is an emission spectroscopic technique 
used in chemical analysis.  
The plasma is a particular state of matter in which a highly ionized system 
composed by ions, electrons and neutral particles at high energy is characterized by 
its tendency to electrical neutrality with respect to the surrounding environment. The 
plasma is usually produced by applying energy to a common rarefied gas 
(plasmagen gas, generally argon) until obtaining the ionization of atoms. The 
ionization can be obtained by the action of a strong electric field generated directly 
or by means of electric or magnetic induction. 
In the case of the ICP plasma is inductively coupled with radiofrequency. 
In ICP systems, the variable magnetic field is obtained by applying a high frequency 
current to an induction coil within which the ionized gas flows. The electric field is 
generated from the periodic oscillation of the magnetic flux and is directed along 
circular lines of force lying in a plane perpendicular to the flow direction of the 
magnetic field. How plasmagen gas is generally used argon. The ionized gas 
flowing through a quartz tube, or other refractory material transparent to a wide 
spectrum of the emitted radiation, the upper end of which is inserted in the coil 
connected to the high frequency generator. The ionization process is triggered by 
dispersing gas in the livelihood of the free electrons produced for thermoelectric 
effect by a small rod of graphite inserted in the electric field or by means of a 
discharge Tesla. The electrons and ions formed are then accelerated by the 
induced magnetic field resulting in heating by Joule effect due to the resistance of 
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the support gas. Once triggered, the source plasma is self-perpetuating assuming 
the form of a luminous flame emerging from the top of the coil. The temperature of 
the plasma is maintained on average about 6000 ° K and, locally, may even reach 
10,000 ° K. The region useful for analytical purposes, however, is the "tail" between 
5000 and 6000 ° K; in this area is placed the sample solution to be analyzed 
atomized in argon. 
The ICP-OES spectrometer is composed of the following main parts: 
• System of atomization and excitation: it is constituted mainly by a radiofrequency 
generator, a circuit impedance adapter, a coil and torch, a unit of introduction and 
transport of the sample to the torch itself. The RF generator provides the high 
frequency current to the coil and includes a free or fixed frequency oscillator. 
• Dispersive optical system (monochromator or polychromator): allows the transfer, 
dispersion and the selection of electromagnetic radiation and typically includes: 
1) a system of lenses and / or mirrors; 
2) a monochromator. 
• Detector (photomultiplier) is usually employed a photomultiplier which converts the 
intensity of electromagnetic radiation into an electrical signal. It consists of a 
photodetector and an amplification system enclosed in a glass tube in which is 
practiced a high vacuum. 
• Control system, data acquisition and data processing: the data acquisition and 
processing system is typically made up of a unit controlled by the computer which 
also controls the spectrometer parameters and in certain configurations, even those 
of the torch, and the generator of 'introduction unit. The system provides for the 
acquisition and processing of the measured values from the detector and to the 
storage of all data and operating variables. 
The metal concentrations (Ba, Sr, Mn and Fe) in the extracts were determined by 
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES Optima 2000, 
Perkin Elmer, Fig. 94) in the IGG-CNR laboratory in Pisa with which, thanks to a 
specific software, can be directly constructed calibration curves from which date 
back the concentrations of trace analytes.  
Digested samples are aspirated into the plasma where a portion of the sample is 
excited. The excited elements emit light (UV/VIS) at characteristic wavelengths.  
The computer compares the intensity of a sample to the intensity of a known 
standard. 
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The analytical reproducibility (RSD) is 2% for the measurement of trace metals.  
 
 
Figure 94 – ICP-OES used for trace element anaylisis. 
 
Magnesium and Calcium were analysed by flame atomic absorption spectrometry 
(Perkin Elmer mod. 3110) and by Dionex 100 Ion chromatograph. Uranium contents 
were analysed by ICP-MS Perkin Elmer modello ELAN 5000 at the Eurolab s.r.l. 
laboratory (Nichelino, Torino).  
 
5.4.7.3. Trace elements results 
 
Measurements were corrected for “blank” subtraction. The metal contents are 
expressed in ppm and then converted in ratio Metal/Ca given in molar ratio.
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6. RESULTS 
6.1. XRD POWDER ANALYSIS 
 
To identify the limits of detection of calcite in a mixture with a predominantly 
aragonitic composition, some mixtures of known proportion of calcite and aragonite 
were prepared.  
The XRD analysis performed on mixtures of known composition of calcite and 
aragonite (1%, 3.5%, 5% and 10% of calcite in mainly aragonite samples) produced 
the following diffractograms  (Figs. 95 to 98, respectively). For each diffractogram, 
on the horizontal axis can be read the angle 2θ expressed in degrees while the 
ordinate axis indicates the counts per second. The position of the peak of maximum 
relative intensity (I/I1 = 100) of calcite is located at 2θ = 29.5 (d = 3.035 Å). 
 
 
Figure 95 – Mixture of calcite 1% and aragonite 99%. The arrow indicates the 
maximum intensity peak of calcite. The other peaks belong to aragonite.  
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Figure 96 – Mixture of calcite 3.5% and aragonite 96.5%. The arrow indicates the 
maximum intensity peak of calcite. The other peaks belong to aragonite.  
 
 
Figure 97 – Mixture of calcite 5% and aragonite 95%. The arrow indicates the 
maximum intensity peak of calcite. The other peaks belong to aragonite. 
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   140	  
 
Figure 98 – Mixture of calcite 10% and aragonite 90%. The arrow indicates the 
maximum intensity peak of calcite. The other peaks belong to aragonite. 
 
6.1.1. XRD powder analysis on Ameghinomya antiqua 	  
According to calibration with mixtures of calcite standards and shell aragonite, 
results indicate that all modern and fossil shells were largely composed of aragonite 
(>99%).  
In Figures 99, 100 and 101 are shown diffractograms of specimens of A. antiqua 
collected, respectively, from modern beach, Holocene and Pleistocene beach ridges. 
Table 5 compares all the XRD analyses carried out on samples of A. antiqua of 
different age and the presence of calcite in each sample (for the other 
diffractograms see Appendix A). 
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Figure 99 – Diffractogram of a modern specimen of Ameghinomya antiqua. The arrow 
indicates where the maximum intensity peak of calcite should be located. 
 
Figure 100 – Diffractogram of A. antiqua sampled in a Holocene beach ridge. The 
arrow indicates where the maximum intensity peak of calcite should be located. 
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Figure 101 – Diffractogram of a Pleistocene specimen of A. antiqua. The arrow 
indicates where the maximum intensity peak of calcite should be located. 
 
 
 
Table 5 – XRD powder analysis on A. antiqua. 
 
WP 237(1) MODERN ABSENT BAHIA BUSTAMANTE
WP 237(3) MODERN ABSENT BAHIA BUSTAMANTE
WO 104A(1) HOLOCENE ABSENT CAMARONES
WP 138(1) HOLOCENE ABSENT BAHIA BUSTAMANTE
WP 23(3) PLEISTOCENE ABSENT CABO RASO
WP 64A(3) MIS 5 (PLEISTOCENE) LESS THAN 1% CAMARONES
WP 64B(1) MIS 5 (PLEISTOCENE) ABSENT CAMARONES
WP 65(3) MIS 5 (PLEISTOCENE) ABSENT CAMARONES
WP 65(4) MIS 5 (PLEISTOCENE) LESS THAN 1% CAMARONES
WP 65(2) MIS 5 (PLEISTOCENE) LESS THAN 1% CAMARONES
WP 68(1) PLEISTOCENE ABSENT CAMARONES
WP 70(A) PLEISTOCENE ABSENT CAMARONES
WP 70(B) PLEISTOCENE LESS THAN 1% CAMARONES
WP 92A(2) PLEISTOCENE (MIS 7?) ABSENT CAMARONES
WP 97(1) MIS 11 (PLEISTOCENE) ABSENT CAMARONES
WP 148(3) MIS 5 (PLEISTOCENE) ABSENT BAHIA BUSTAMANTE
WP 154A(2) MIS 5 (PLEISTOCENE) LESS THAN 1% BAHIA BUSTAMANTE
WP 168(1) MIS 5 (PLEISTOCENE) ABSENT BAHIA BUSTAMANTE
WP 175A(4) MIS 7 (PLEISTOCENE) ABSENT BAHIA BUSTAMANTE
WP 197 PLEISTOCENE ABSENT BAHIA BUSTAMANTE
WP 199(2) PLEISTOCENE ABSENT BAHIA BUSTAMANTE
WP 455(7) PLEISTOCENE ABSENT CALETA OLIVIA
WP 479B(2) MIS 9 (PLEISTOCENE) ABSENT CALETA OLIVIA
WP 506(2) PLEISTOCENE ABSENT CALETA OLIVIA
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6.1.2. XRD powder analysis on Mytilus edulis 	  
The shell of Mytilus edulis has a mixed composition consisting of calcite and 
aragonite. 
XRD powder analysis carried out on modern shells of M. edulis sampled in the 
study area show a mainly calcitic composition (Fig. 102 and Appendix A for other 
diffractograms). 
 
 
Figure 102 – Powder diffractogram of a modern Mytilus edulis shell. The red arrow 
indicates the maximum intensity peak of calcite (Ca 100), the black arrow indicates 
the maximum intensity peak of aragonite. 
 
 
From the powder diffractogram of a Holocen Mytilus edulis is possible to observe 
that the aragonite/calcite ratio remains essentially unchanged compared to the 
modern sample (Fig. 103). 
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Figure 103 – Powder diffractogram of a Holocene Mytilus edulis shell. The red arrow 
indicates the maximum intensity peak of calcite (Ca 100), the black arrow indicates 
the maximum intensity peak of aragonite. 
 
 
The predominant composition of calcite shell of modern and Holocene M. edulis 
contrasts with what has been observed in the literature by Panarello (1987) for 
specimens of Mytilus edulis of Tierra del Fuego, which reports a calcite/aragonite 
ratio equivalent to 5/95 for modern specimens and equal to 15/85 for Holocene 
samples.  
It is possible that this discrepancy is due to the partial removal, during the phases of 
mechanical cleaning with the drill, of the inner aragonite layer of the shell or 
abrasion of shells during natural processes. 
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6.1.3. XRD powder analysis on Aulacomya atra 	  
The shell of Aulcomya atra, like other mussels, has a mixed composition consisting 
of calcite and aragonite, however, contrary to Mytilus edulis, the composition is 
predominantly aragonitic instead calcitic (Fig. 104). 
 
 
Figure 104 – Powder diffractogram of a modern Aualcomya atra shell. The red arrow 
indicates the maximum intensity peak of calcite (Ca 100), the black arrow indicates 
the maximum intensity peak of aragonite. 
 
 
Also the fossils of A. atra, although only Holocene samples were analyzed, do not 
appear to have varied in mineralogy of the shells (Fig. 105; see Appendix A for 
other diffractograms). 
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Figure 105 – Powder diffractogram of a Holocene Aualcomya atra shell. The red arrow 
indicates the maximum intensity peak of calcite (Ca 100), the black arrow indicates the 
maximum intensity peak of aragonite. 
 
 
6.1.4. XRD powder analysis on paleosols 	  
Diffractometric analysis on paleosols sampled in different localities allowed to 
distinguish 3 types of paleosols with different mineralogical composition of the 
concretions: paleosols mainly constituted by calcite and in much less quantity by 
quartz and feldspar, corresponding to carbonate-enriched soil horizons (Bk)  (Fig. 
106), paleosols with a mainly quartz composition (Fig. 107) and paleosols 
consisting of gypsum (By-type horizon, Fig. 108). 
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Figure 106 – Powder diffractogram of a carbonate paleosol. 
 
	  
Figure 107 – Powder diffractogram of a paleosol mainly constituted by quartz. 
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Figure 108 – Powder diffractogram of a paleosol mainly constituted by gypsum. 
	  
	  
6.2. PETROGRAPHIC ANALYSIS 	  
Thin sections performed on Ameghinomya antiqua shells indicate that the shells 
consist of two aragonitic layers (Figs. 109 and 110): an external layer (Fig. 111) and 
internal layer (Fig. 112).  
The outer layer, according to Takesue & van Geen (2004) and Carter (1990) show a 
prismatic microstructure, while the inner layer is nacreous. The brown layer, 
between the internal and the external layer and darker than calcium carbonate 
under reflected light, should represent an organic-rich layer (Figs. 109 and 110).   
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Figure 109 – Thin section of a modern Ameghinomya antiqua shell (parallel 
Nicols, magnification 2.5X).  
 
 
Figure 110 – Thin section of a modern Ameghinomya antiqua shell (crossed 
Nicols, magnification 2.5X).  
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Figure 111 – Detail of the external layer in modern A. antiqua shell (crossed 
Nicols, magnification 10X). 
 
 
Figure 112 – Detail of the internal layer in modern A. antiqua (crossed Nicols, 
magnification 10X). 
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Only in a Pleistocene specimen (WP 154A(2)) a partial recrystallization of the 
external layer of the shell was observed (Fig. 113). However, the analysis of the 
powder X-ray diffraction of the sample indicates the presence of calcite less than 
1% (Table 5). 
 
 
Figure 113 – Partial recrystallization of a Pleistocene Ameghinomya antiqua shell. 
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6.3. STABLE ISOTOPE (oxygen and carbon) COMPOSITION 
OF MARINE SHELLS 
 
6.3.1. Stable isotope composition of modern marine shells 	  
Oxygen and carbon isotope analyses of modern shells were performed on 
Ameghynomia antiqua, Mytilus edulis and Aulacomya atra. 
 
6.3.1.1. Ameghinomya antiqua shells 	  
Modern specimens of Ameghinomya antiqua were collected from the active beach 
in various localities along the Atlantic coast of Patagonia shown in figure 64 
(Chapter 5). 
Ameghinomya antiqua exhibits δ18O mean values ranging from +0.22±0.14‰ for 
Bahia Bustamante samples to +0.71±0.23‰ of Bahia Langara specimens and δ13C 
mean values are between -0.27±0.20‰ of Bahia Bustamante shells and 0.87±0.4‰ 
of Cabo Raso and Bahia Langara (Tab. 6). The intra-specific variability for each 
locality is always higher for the δ13C  (Δδ13C from 0.39‰ to 0.92‰) than for the 
δ18O (Δδ18O from 0.16‰ to 0.47‰) (Tab. 7). 
 
Table 6 – Carbon and oxygen isotopic composition (mean value and standard deviation) 
of modern Ameghinomya antiqua shells for each locality. 
SAMPLE LOCALITY LATITUDE (°S) Number of samples !13C‰ (mean value) st. dev. !18O‰ (mean value) st. dev.
WP667 Puerto Lobos 42.1 5 0.63 0.30 0.23 0.18
WP04 Cabo Raso 44.16 5 0.87 0.38 0.68 0.12
WP54 Bahia S. Sebastian 44.34 6 0.07 0.26 0.25 0.11
WP60BBIS+WP623BIS Camarones North 44.41 8 0.22 0.48 0.33 0.12
WP95+WP110 Camarones South 44.5 4 0.69 0.14 0.32 0.06
WP237+WP613 Bahia Bustamante 45.08 10 0.00 0.28 0.22 0.14
WP271 Bahia Solano 45.4 6 -0.27 0.20 0.28 0.06
WP473B Caleta Olivia 46.23 4 0.25 0.19 0.69 0.14
MPA3 Bahia Langara 46.39 3 0.87 0.38 0.71 0.23
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Table 7 – Carbon and oxygen isotopic composition and range values of modern shells of 
Ameghinomya antiqua from the Atlantic coast of Patagonia. 
 
By analyzing the oxygen isotope composition of the shells of modern Ameghinomya 
antiqua to vary the latitude, it is possible to observe that the oxygen isotopic 
composition tends to increase down south from Puerto Lobos to Cabo Raso, before 
declining in the area between Bahia San Sebastian and Bahia Solano, where there 
are the lowest values. In the area of Bahia Langara and Caleta Olivia, instead, the 
values increase again (Fig. 114). 
 
 
SAMPLE LOCALITY !13C‰ "!13C‰ !18O ‰ "!18O ‰
WP667(1) PUERTO LOBOS 1.01 0.76 0.45 0.44
WP667(2) PUERTO LOBOS 0.61 0.14
WP667(3) PUERTO LOBOS 0.25 0.01
WP667(4) PUERTO LOBOS 0.82 0.39
WP667(5) PUERTO LOBOS 0.44 0.15
WP04(1) CABO RASO/BAHIA VERA 1.13 0.85 0.71 0.33
WP04(2) CABO RASO/BAHIA VERA 1.40 0.70
WP04(3) CABO RASO/BAHIA VERA 0.68 0.51
WP04(4) CABO RASO/BAHIA VERA 0.55 0.62
WP04(5) CABO RASO/BAHIA VERA 0.57 0.84
WP54(1) BAHIA SAN SEBASTIAN -0.33 0.73 0.08 0.35
WP54(2) BAHIA SAN SEBASTIAN 0.18 0.25
WP54(3) BAHIA SAN SEBASTIAN 0.12 0.43
WP54(4) BAHIA SAN SEBASTIAN 0.40 0.20
WP54(5) BAHIA SAN SEBASTIAN 0.24 0.28
WP54(6) BAHIA SAN SEBASTIAN -0.08 0.28
WP60BBIS(1) CAMARONES NORTH 0.11 0.92 0.07 0.46
WP60BBIS(2) CAMARONES NORTH 0.49 0.40
WP623BIS(1) CAMARONES NORTH 0.07 0.42
WP623BIS(3) CAMARONES NORTH 0.36 0.33
WP623BIS(4) CAMARONES NORTH 0.30 0.23
WP623BIS(5) CAMARONES NORTH -0.09 0.39
WP623BIS(6) CAMARONES NORTH -0.43 0.37
WP95(2) CAMARONES SOUTH 0.59 0.69 0.38 0.13
WP95(3) CAMARONES SOUTH 0.62 0.30
WP95(4) CAMARONES SOUTH 0.89 0.35
WP110(2) CAMARONES SOUTH 0.65 0.25
WP237(1) BAHIA BUSTAMANTE -0.24 0.77 0.02 0.47
WP237(2) BAHIA BUSTAMANTE -0.06 0.16
WP237(3) BAHIA BUSTAMANTE 0.41 0.27
WP237(4) BAHIA BUSTAMANTE -0.36 0.23
WP237(5) BAHIA BUSTAMANTE -0.21 -0.03
WP613(1) BAHIA BUSTAMANTE SOUTH -0.15 0.28
WP613(2) BAHIA BUSTAMANTE SOUTH 0.35 0.27
WP613(3) BAHIA BUSTAMANTE SOUTH -0.22 0.23
WP 613(4) BAHIA BUSTAMANTE SOUTH 0.24 0.44
WP 613 (5) BAHIA BUSTAMANTE SOUTH 0.23 0.36
WP271(1) BAHIA SOLANO -0.14 0.46 0.17 0.16
WP271(2) BAHIA SOLANO -0.39 0.26
WP271(3) BAHIA SOLANO -0.38 0.32
WP271(4) BAHIA SOLANO -0.45 0.27
WP271(5) BAHIA SOLANO 0.01 0.33
WP473B(1) CALETA OLIVIA 0.06 0.39 0.71 0.32
WP473B(2) CALETA OLIVIA 0.45 0.81
WP473B(4) CALETA OLIVIA 0.37 0.75
WP 473B(6) CALETA OLIVIA 0.12 0.49
MPA3(1) BAHIA LANGARA 0.43 0.70 0.62 0.42
MPA3(3) BAHIA LANGARA 1.13 0.97
MPA3(4) BAHIA LANGARA 1.04 0.55
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Figure 114 – Oxygen isotope composition of modern A. antiqua to vary the latitude. 
 
 
 
δ13C values are higher at the edges of the study area and have similar values in the 
localities of Puerto Lobos, Cabo Raso and Bahia Langara (Fig. 115). 
The carbon isotopic composition decreases in the vicinity of the upper part of the 
Gulf of San Jorge (localities of Bahia San Sebastian, Camarones, Bahia 
Bustamante and Bahia Solano). 
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Figure 115 – Carbon isotope composition of modern A. antiqua to vary the latitude. 
 
 
6.3.1.2. Mytilus edulis shells 	  
Mytilus edulis shells show mean values of δ13C from 0.96‰ for Puerto Lobos 
samples to 1.62±0.1‰ for specimens collected in Bahia Bustamante active beach 
(Tab. 8). Mean values of oxygen isotopic composition are between 0.52 of Puerto 
Lobos shells and 1.46±0.25‰ for Puerto Deseado mussels (Tab. 8). 
Modern individuals of Mytilus edulis show for each locality sampled an intra-specific 
variability for the δ13C ranging from 0.0‰ to 1.09‰ and for the δ18O from 0.1‰ to 
0.76‰ (Tab. 9). 
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Table 8 – Mean values and standard deviation of δ13C and δ18O of modern Mytilus 
edulis. 
 
 
 
Table 9 – Carbon and oxygen isotopic composition and range values of modern shells 
of Mytilus edulis for each locality. 
 
Modern shells of Mytilus edulis show oxygen isotopic compositions progressively 
more positive moving southward (Fig. 116 and Fig. 117), with a Δδ18O=0.94‰ from 
north to south. The samples from the central part of the study area show similar 
isotopic values. The correlation coefficient between oxygen isotopic composition 
and latitude is r2 = 0.92. 
 
  
 
SAMPLE LOCALITY LATITUDE (°S) Number of samples !13C‰ (mean value) st. dev. !18O‰ (mean value) st. dev.
WP667 PUERTO LOBOS 42.1 1 0.96 0.52
WP95 CAMARONES SOUTH 44.5 2 1.37 0.0 1.03 0.21
WP191 BAHIA BUSTAMANTE 45.04 4 1.62 0.10 0.91 0.08
WP271 BAHIA SOLANO 45.4 3 1.59 0.14 1.24 0.42
MPA3 RADA TILLY 45.55 3 1.45 0.25 1.13 0.11
WP330 PUERTO DESEADO 47.45 5 1.40 0.43 1.46 0.25
SAMPLE LOCALITY !13C‰ "!13C‰ !18O ‰ "!18O ‰
WP667(7) PUERTO LOBOS 0.96 0.52
WP95(6) CAMARONES SOUTH 1.37 0 0.88 0.3
WP95(7) CAMARONES SOUTH 1.37 1.18
WP191(5) BAHIA BUSTAMANTE 1.71 0.23 0.91 0.1
WP191(6) BAHIA BUSTAMANTE 1.66 0.98
WP191(7) BAHIA BUSTAMANTE 1.63 0.96
WP191(8) BAHIA BUSTAMANTE 1.48 0.81
WP271M(3) BAHIA SOLANO 1.64 0.25 1.72 0.76
WP271M(4) BAHIA SOLANO 1.43 0.96
WP271M(5) BAHIA SOLANO 1.69 1.03
MPA2(11) RADA TILLY 1.75 0.45 1.15 0.22
MPA2(12) RADA TILLY 1.30 1.01
MPA2(13) RADA TILLY 1.31 1.23
WP330(1) PUERTO DESEADO 1.06 1,09 1.43 0.59
WP330(2) PUERTO DESEADO 1.98 1.89
WP330(3) PUERTO DESEADO 1.61 1.30
WP330(4) PUERTO DESEADO 1.45 1.31
WP330(5) PUERTO DESEADO 0.89 1.35
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Figure 116 – Oxygen isotope composition of modern M. edulis to vary the latitude. 
 
 
 
 
Figure 117 – Oxygen isotope composition of modern M. edulis to vary the latitude, with 
regression line and relative R2. 
 
 
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   158	  
A similar trend can also be observed for the δ13C (Fig. 118). The sample collected in 
the most northern beach of the study area shows an isotopic composition of carbon 
lower than that of specimens sampled further south. 
 
 
Figure 118 – Carbon isotope composition of Mytilus edulis to vary the latitude. 
 
 
6.3.1.3. Aulacomya atra shells 	  
Modern specimens of Aulacomya atra show δ13C mean values ranging from 1.26 for 
Puerto Lobos samples to 2.10±0.29‰ for Rada Tilly shells. Small differences in 
oxygen isotopic composition are observed, with values between 1.27 for Puerto Lobos 
specimens and 1.55±0.13‰ in Rada Tilly area (Tab. 10). 
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Table 10 – Mean values and standard deviation of δ13C and δ18O of modern 
Aulacomya atra shells. 
 
Intra-specific variability of each locality ranges between 0.07‰ and 0.76‰ for δ13C 
and between 0.15‰ and 0.46‰ for δ18O (Tab. 11). 
 
Table 11 - Carbon and oxygen isotopic composition and range values of 
modern shells of Aulacomya atra for each locality. 
 
Contrary to what was observed for specimens of modern Mytilus edulis, the oxygen 
isotopic composition of modern Aulacomya atra shells is fairly homogeneous in all 
the study area (Fig. 119), with small differences substantially overlapping. δ13C, 
SAMPLE LOCALITY LATITUDE (°S)Number of samples!13C‰ (mean value) st. dev. !18O‰ (mean value) st. dev.
WP667 PUERTO LOBOS 42.1 1 1.26 1.27
WP60B CAMARONES NORTH 44.41 5 1.73 0.32 1.28 0.15
WP95 CAMARONES SOUTH 44.5 4 1.50 0.31 1.43 0.07
WP191+WP613 BAHIA BUSTAMANTE 45.08 9 1.66 0.18 1.42 0.17
WP271 BAHIA SOLANO 45.4 2 1.68 0.05 1.29 0.32
MPA2 RADA TILLY 45.55 3 2.10 0.29 1.40 0.13
WP473B CALETA OLIVIA 46.23 6 1.65 0.17 1.55 0.13
SAMPLE LOCALITY !13C‰ "!13C‰ !18O ‰ "!18O ‰
WP667 PUERTO LOBOS 1.26 1.27
WP60B(2) CAMARONES NORTH 1.80 0.76 1.39 0.41
WP60B(3) CAMARONES NORTH 1.88 1.01
WP60B(4) CAMARONES NORTH 2.04 1.29
WP60B(5) CAMARONES NORTH 1.37 1.30
WP60B(6) CAMARONES NORTH 2.00 1.24
WP60B(10) CAMARONES NORTH 1.28 1.42
WP95(3) CAMARONES SOUTH 1.13 0.74 1.41 0.15
WP95(4) CAMARONES SOUTH 1.43 1.49
WP95(8) CAMARONES SOUTH 1.57 1.34
WP95(10) CAMARONES SOUTH 1.87 1.48
WP191(1) BAHIA BUSTAMANTE 1.32 0.5 1.28 0.42
WP191(2) BAHIA BUSTAMANTE 1.82 1.22
WP191(3) BAHIA BUSTAMANTE 1.75 1.42
WP191(4) BAHIA BUSTAMANTE 1.79 1.24
WP613(6) BAHIA BUSTAMANTE 1.78 1.33
WP613(7) BAHIA BUSTAMANTE 1.78 1.63
WP613(8) BAHIA BUSTAMANTE 1.44 1.39
WP613(9) BAHIA BUSTAMANTE 1.61 1.64
WP613(10) BAHIA BUSTAMANTE 1.68 1.60
WP271M(1) BAHIA SOLANO 1.72 0.07 1.52 0.46
WP271M(2) BAHIA SOLANO 1.65 1.06
MPA2(7) RADA TILLY 2.21 0.62 1.39 0.28
MPA2(8) RADA TILLY 2.21 1.22
MPA2(9) RADA TILLY 1.68 1.47
MPA2(10) RADA TILLY 2.30 1.50
WP473B(7) CALETA OLIVIA 1.50 0.39 1.46 0.34
WP473B(8) CALETA OLIVIA 1.66 1.51
WP473B(9) CALETA OLIVIA 1.85 1.73
WP473B(10) CALETA OLIVIA 1.87 1.68
WP473B(11) CALETA OLIVIA 1.48 1.53
WP473B(12) CALETA OLIVIA 1.56 1.39
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instead, shows a larger range of values progressively and slightly more positive 
towards south (Fig. 120).  
 
 
Figure 119 – Oxygen isotopic composition of modern Aulacomya atra from north to 
south.  
 
Figure 120 – Carbon isotopic composition of modern Aulacomya atra from north to 
south.  
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6.3.2. Stable isotope composition of Holocene marine shells 	  
Oxygen and carbon isotope analyses of Holocene shells were carried out on 
Ameghynomia antiqua, Mytilus edulis, Aulacomya atra and Nacella (Patinigera) 
deaurata specimens sampled from beach deposits in different localities on the 
Atlantic coast of Patagonia (Fig. 121). For all the localities the Holocene beach 
deposits represent storm accumulation. 
 
Figure 121 – Localities of the Patagonia Atlantic coast where Holocene beach ridges 
were sampled.  
 
The results of stable isotope analyses on Holocene shells are presented by species 
analyzed and locality and compared with specimens collected in the modern beach 
of the same locality. 
Where possible radiocarbon ages performed within this study were used (for all 
dating see Appendix A). Otherwise dating from the works of Schellmann & Radtke 
(indicated with the words LIT in tables), or the age deduced from stratigraphic 
considerations on the field was used. 
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6.3.2.1. Stable isotope composition of Holocene Mytilidae shells in Camarones 
North 
 
Holocene shells belonging to the family Mytilidae come from a section located North 
of the village of Camarones (Fig. 121). The shells were collected from two Holocene 
beach ridges, never studied before and dated specifically for this project, and from a 
local shell midden, due to the accumulation performed by native population in the 
past (Fig. 122). Detailed stratigraphy is proposed in Zanchetta et al. (2012). 
 
Figure 122 - Sketch of the relations between litostratigraphic units (LU) and 
morphostratigraphic units (MU) (not in scale) (after Zanchetta et al., 2012). 
 
As in the older beach ridge were missing specimens of Aulacomya atra shells to be 
compared with the more recent specimens, the stable isotope (oxygen and carbon) 
composition of modern shells of Aulacomya atra and Mytilus edulis collected from 
San Jorge Gulf area was compared (for the samples see Tabs 8-11), in order to 
understand if the two species can be used interchangeably for the reconstruction of 
past coastal conditions (Fig. 123). 
Modern shells of Mytilus edulis and Aulacomya atra show overall small differences 
in isotopic composition substantially overlapping in terms of carbon isotope 
composition (Fig. 123) and to lesser extent with oxygen. δ18O of Aulacomya atra 
shells tends to be more weakly positive than in Mytilus edulis. This is in agreement 
915±20 yr BP 
B.P.  6365±20 yr BP 
B.P.  
4074±50 yr BP 
B.P.  
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with the more aragonitic content of A. atra compared to M. edulis. Aragonite is 
usually more 18O-enriched compared to the coexisting calcite (Grossman & Ku, 
1986). However the difference is small and on the basis of these results it was 
decided to compare the isotopic composition of Aulacomya atra and Mytilus edulis 
shells from different Holocene beach ridges. 
 
 
Figure 123 - δ13C vs δ18O mean values of modern Aulacomya atra and Mytilus 
edulis from San Jorge Gulf area. 
 
 
The layer dated to 6365±20 yr BP shows the highest oxygen isotopic composition, 
which ranges from 2.16 to 2.69‰ (mean δ18O value of 2.39±0.19‰ and Δδ18O = 
0.53‰). The layer dated to ca. 4000 yr BP, related to a shell midden accumulation, 
has a narrower range of δ18O (from 1.15 to 1.18‰) with a mean value of 
1.15±0.02‰ (Δδ18O = 0.05‰) and the beach deposit dated to 915±20 yr BP ranges 
from 0.99 to 1.6‰, showing a mean value of 1.36±0.18‰ and Δδ18O = 0.58‰ (Tab. 
12). The isotopic data obtained from Aulacomya atra shells coming from the shell 
midden at 4074 yr BP were also added the results obtained from two specimens of 
Nacella (Patinigera) deaurata (Tab. 12 and Fig. 124). Carbon isotope composition 
of the specimens from the older beach ridge shows the highest values (from 1.75 to 
2.65‰, with a mean value of 2.19±0.29‰ (Δδ13C = 0.90‰). The shells collected 
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from the layer at 4074±50 yr BP show δ13C values from 1.15 to 1.84‰ and mean 
value of 1.58±0.26‰ (Δδ13C = 0.60‰). The Mytilidae individuals sampled in the 
beach deposit dated to 915 yr BP show carbon isotope values ranging from 1.51 to 
2.71, with δ13C mean value of 2.11±0.36‰ (Δδ13C = 1.2‰). 
 
Table 12 – Carbon and oxygen isotopic composition, mean, standard deviation and 
range values of modern and Holocene shells of Aulacomya atra, Mytilus edulis and 
Nacella (Patinigera) deaurata from Camarones North section.  
 
The most interesting and relevant feature of the isotopic data is the highest δ18O 
values showed by the layer dated to 6365±20 yr BP, whereas its carbon isotope 
composition overlaps the values of the shells found at 915 yr BP and the modern 
specimens (Figs. 123-125). Instead, the modern samples, those dated at ca 4000 yr 
SAMPLE Species 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value)st. dev. "!18O ‰
WP60B(2) A.atra -390±20 1.80 1.39 1.73 0.32 0.76 1.28 0.15 0.41
WP60B(3) A.atra -390±20 1.88 1.01
WP60B(4) A.atra -390±20 2.04 1.29
WP60B(5) A.atra -390±20 1.37 1.30
WP60B(6) A.atra -390±20 2.00 1.24
WP60B(10) A.atra -390±20 1.28 1.42
WP60A(1) A.atra 915±20 477-560 2.16 1.41 2.11 0.36 1.2 1.36 0.18 0.58
WP60A(2) A.atra 915±20 477-560 2.71 1.55
WP60A(3) A.atra 915±20 477-560 2.25 1.20
WP60A(4) A.atra 915±20 477-560 2.27 1.34
WP60A(5) A.atra 915±20 477-560 2.10 0.99
WP60A(7) A.atra 915±20 477-560 1.65 1.36
WP60A(8) A.atra 915±20 477-560 2.33 1.39
WP60A(9) A.atra 915±20 477-560 1.51 1.42
WP60A(10) A.atra 915±20 477-560 2.02 1.57
G001(1) A.atra 4074±50 3948-4271 1.84 1.13 1.58 0.26 0.69 1.15 0.02 0.05
G001(4) A.atra 4074±50 3948-4271 1.65 1.18
G001(5) A.atra 4074±50 3948-4271 1.15 1.14
G001(6) A.atra 4074±50 3948-4271 1.64 1.17
G001(7) A.atra 4074±50 3948-4271 1.64 1.14
G001(2) N. deaurata 4074±50 3948-4271 1.14 1.37
G001(3) N. deaurata 4074±50 3948-4271 1.18 1.17
WP63B(1) M.edulis 6365±20 6750-6913 2.08 2.50 2.19 0.29 0.9 2.39 0.19 0.53
WP63B(2) M.edulis 6365±20 6750-6913 2.07 2.35
WP63B(3) M.edulis 6365±20 6750-6913 2.65 2.51
WP63B(4) M.edulis 6365±20 6750-6913 2.23 2.19
WP63B(5) M.edulis 6365±20 6750-6913 1.75 2.23
WP63B(6) M.edulis 6365±20 6750-6913 2.24 2.50
WP63B(7) M.edulis 6365±20 6750-6913 1.99 2.16
WP63B(8) M.edulis 6365±20 6750-6913 2.53 2.69
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BP and the more recent Holocene individuals have very similar δ18O values (Fig. 
124) but different or partially overlapping δ13C (Figs. 124-126). 
 
Figure 124 - δ13C vs δ18O of modern and Holocene Aulacomya atra, Nacella deaurata 
and Mytilus edulis from Camarones North area. In the diagram Sr isotopic data for 
each layer are reported. 
 
 
Figure 125 – Oxygen isotope mean values and standard deviation vs age of 
Holocene and modern Mytilidae shells sampled in Camarones North area. 
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Figure 126 – Carbon isotope mean values and standard deviation vs age of 
Holocene and modern Mytilidae shells sampled in Camarones North area. 
 
6.3.2.2. Stable isotope composition of Holocene Ameghinomya antiqua shells in 
Camarones South 	  
Oxygen and carbon isotope analysis was carried out on four Holocene beach ridges 
(Fig. 127) outcropping in Camarones South area, 3 of which (indicated with the 
word LIT in Tab. 13) were dated by Schellmann (1998; 2007) and Schellmann & 
Radtke (2003; 2010) and one dated within this project (Tab.13).  
The older layers dated to 5800±51 yr BP and 6620±65 yr BP have the highest 
oxygen isotopic composition, which ranges from 0.75 to 0.82‰ (mean δ18O value of 
0.79±0.0.5‰ and Δδ18O = 0.07‰) and from 0.77 to 0.83‰ (mean δ18O value of 
0.79±0.0.3‰ and Δδ18O = 0.06‰) respectively (Tab. 13 and Fig. 128), similarly to 
what observed in Camarones North. The layer dated to 5675 yr BP show a range of 
δ18O from 0.33 to 0.64‰ with a mean value of 0.50±0.13‰ (Δδ18O = 0.31‰) and 
the beach deposit dated to 5754±62 yr BP ranges from 0.38 to 0.58‰, showing a 
mean value 0.50±0.09‰ and Δδ18O = 0.2‰ (Tab. 13). Carbon isotope composition 
of the specimens from the older beach ridge shows the highest values (from 1.56 to 
1.83‰, with a mean value of 1.71±0.14‰ and Δδ13C = 0.27‰). The samples 
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collected from the layer at 5800±51 yr BP show δ13C values from 0.93 to 1.10‰ and 
mean value of 11.01±0.12‰ (Δδ13C = 0.17‰). The Mytilidae shells sampled in the 
beach deposits dated to 5675 and 5754 yr BP show carbon isotope values ranging 
from 0.59 to 1.08‰, with δ13C mean value of 0.66±0.27‰ (Δδ13C = 0.70‰) and 
from 0.92 to 1.35 with mean δ13C value of 1.14±0.21‰ (Δδ13C = 0.43‰) 
respectively (Tab. 13 and Fig. 128). 
 
 
Figure 127 – Holocene and modern beach ridges sampled and analyzed (for 
Ameghinomya antiqua) in Camarones South area. 
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Table 13 – Carbon and oxygen isotopic composition, mean, standard deviation and 
range values of modern and Holocene shells of Ameghinomya antiqua from 
Camarones South area. The words LIT before the 14C ages indicate that the dating 
come from the work of Schellmann (1998) and Schellmann and Radtke (2010). 
 
Almost all the shells from the Holocene beach ridges are enriched in 18O and 13C, 
except some samples from the beach ridge dated to 5675 yr BP, compared to 
specimens collected in the active beach (Fig. 128). 
SAMPLE 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰!13C‰ (mean value) st. dev."!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP95(2) modern beach ridge 0.59 0.38 0.69 0.14 0.30 0.32 0.06 0.13
WP95(3) modern beach ridge 0.62 0.3
WP95(4) modern beach ridge 0.89 0.35
WP110(2) modern beach ridge 0.65 0.25
WP104A(1) 5675±45 BP 5947-6196 0.59 0.64 0.66 0.27 0.70 0.50 0.13 0.31
WP104A(2) 5675±45 BP 5947-6196 0.74 0.33
WP104A(3) 5675±45 BP 5947-6196 0.38 0.58
WP104A(4) 5675±45 BP 5947-6196 1.08 0.54
WP104A(5) 5675±45 BP 5947-6196 0.50 0.39
WP 108A(1)LIT 5754±62 BP 5955-6286 1.29 0.49 1.14 0.21 0.43 0.50 0.09 0.2
WP108A(2) LIT 5754±62 BP 5955-6286 1.01 0.54
WP108A(3) LIT 5754±62 BP 5955-6286 1.35 0.38
WP108A(4) LIT 5754±62 BP 5955-6286 0.92 0.58
WP94B(1) LIT.5800±51 BP 6090-6333 1.10 0.82 1.01 0.12 0.17 0.79 0.05 0.07
WP94B(2) LIT.5800±51 BP 6090-6333 0.93 0.75
WP 114(1) LIT. 6620±65 BP 6970-7281 1.56 0.77 1.71 0.14 0.27 0.79 0.03 0.06
WP114(2) LIT. 6620±65 BP 6970-7281 1.75 0.83
WP114(3) LIT. 6620±65 BP 6970-7281 1.83 0.79
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Figure 128 - δ13C vs δ18O of Holocene and modern Ameghinomya antiqua from 
Camarones South area. 
 
Shells from beach ridges dated to 5675±45 yr BP and 5754±62 yr BP are slightly 
18O enriched (by 0.20‰) compared to modern specimens. The relatively older 
Holocene shells, on the other hand, show more positive δ18O values than modern 
and more recent Holocene individuals (Fig. 129). 
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Figure 129 – Oxygen isotope mean values and standard deviation vs age of Holocene 
and modern Ameghinomya antiqua shells sampled in Camarones South area. 
 
 
Holocene mean δ13C values are more positive than modern mean values from 
5754±62 yr BP and are significantly higher for the shells collected in the beach ridge 
dated to 6620±62 yr BP, with a difference of 1.02‰ compared to the modern 
counterpart (Fig. 130). 
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Figure 130 – Carbon isotope mean values and standard deviation vs age of Holocene 
and modern Ameghinomya antiqua shells sampled in Camarones South area. 
 
 
6.3.2.3. Stable isotope composition of Holocene Mytilus edulis shells in Camarones 
South 
 
Holocene Mytilus edulis specimens from Camarones South area come from the two 
younger beach ridges sampled also for Ameghinomya antiqua (WP 104 and WP 
108, Fig. 127) and from two beach deposits (WPi 436 and AO 154) dated within this 
project with the radiocarbon dating to 5562±43 yr BP and 5132±67 yr BP 
respectively (Fig. 131). 
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Figure 131 – Holocene and modern beach ridges sampled and analyzed (for Mytilus 
edulis) in Camarones South area. 
 
 
Middle Holocene shells from AO154D (n = 2; 5132±67 yr BP) exhibit δ18O values 
from 1.26 to 1.29‰ and mean δ18O value of 1.28±0.02‰ (Δδ18O = 0.03‰), the 
specimens collected in WPi436 (n = 2; 5562±43 yr BP) show δ18O values from 1.19 
to 1.22‰ with mean δ18O value of 1.20±0.02‰ (Δδ18O = 0.03‰). Mytilus edulis 
shells sampled from WP104B (n = 4; 5675±45 yr BP uncalibrated) and from WP 
108B (n = 5; 5754±62 yr BP uncalibrated) have oxygen isotopic values ranging from 
1.07 to 1.46‰ with mean value of 1.27±0.16‰ (Δδ18O = 0.39‰) and from 1.07 to 
1.24‰ with mean value of 1.17±0.05‰ (Δδ18O = 0.13‰) respectively (Tab. 14). 
The same specimens show δ13C values between 1.71 and 1.72‰ (mean δ13C value 
of 1.72±0.01‰ and Δδ13C = 0.01‰), between 1.86 and 1.87‰ (mean δ13C value of 
1.87±0.01‰ and Δδ13C = 0.01‰), between 2.38 and 2.82‰ (mean δ13C value of 
2.63±0.19‰ and Δδ13C = 0.44‰) and between 1.90 and 2.61‰ with mean value of 
2.23±0.29‰ and Δδ13C = 0.71‰ respectively (Tab. 14). 
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Table 14 – Carbon and oxygen isotopic composition, mean, standard deviation and 
range values of modern and Holocene shells of Mytilus edulis from Camarones South 
area. The words LIT before the uncalibrated 14C ages indicate that the dating come from 
the works of Schellmann and Radtke. 
 
Holocene shells compared to modern specimens show similar values of δ18O, but 
higher values of carbon isotope composition (Fig. 132), in particular for the Mytilus 
edulis coming from the two older middle Holocene beach ridges dated to 5675±45 
yr BP	  and to	  5754±62 yr BP, which show δ13C values more positive of at least 1‰ 
(up to ca 1.51‰).	  
 
SAMPLE 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP95(6) modern beach ridge 1.37 0.88 1.37 0.0 0 1.03 0.21 0.2
WP95(7) modern beach ridge 1.37 1.18
AO 154D 5132±67 5313-5608 1.72 1.29 1.72 0.01 0.01 1.28 0.02 0.03
AO 154D 5132±67 5313-5608 1.71 1.26
WPi 436 5562±43 5861-6092 1.86 1.19 1.87 0.00 0.01 1.20 0.02 0.03
WPi 436 5562±43 5861-6092 1.87 1.22
WP104B(1) 5675±45 BP 5947-6196 2.58 1.32 2.63 0.19 0.44 1.27 0.16 0.39
WP104B(2) 5675±45 BP 5947-6196 2.75 1.46
WP104B(3) 5675±45 BP 5947-6196 2.38 1.07
WP104B(4) 5675±45 BP 5947-6196 2.82 1.24
WP108B(1) LIT 5754±62 BP 5955-6286 2.35 1.13 2.23 0.29 0.71 1.17 0.05 0.13
WP108B(2) LIT 5754±62 BP 5955-6286 2.29 1.17
WP108B(3) LIT 5754±62 BP 5955-6286 2.61 1.19
WP108B(4) LIT 5754±62 BP 5955-6286 1.99 1.11
WP108B(5) LIT 5754±62 BP 5955-6286 1.90 1.24
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Figure 132 - δ13C vs δ18O of Holocene and modern Mytilus edulis from Camarones 
South area. 
 
 
The mean oxygen isotope values of Holocene specimens are very similar with 
respect to the modern δ18O values and are overlapping (Fig. 133) while the δ13C 
mean values progressively increase in the older beach ridges up to reach a 
difference of 1‰ respect to the modern samples (Fig. 134). 
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Figure 133 – Oxygen isotope mean values and standard deviation vs age of 
Holocene and modern Mytilus edulis shells sampled in Camarones South area. 
 
 
Figure 134 – Carbon isotope mean values and standard deviation vs age of Holocene 
and modern Mytilus edulis shells sampled in Camarones South area. 
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6.3.2.4. Stable isotope composition of Holocene Ameghinomya antiqua shells in 
Bahia Bustamante 
 
Ameghinomya antiqua shells from three Holocene beach ridges outcropping in 
Bahia Bustamante (Figs. 135-136) were sampled to perform stable isotope studies 
(Tab.15). All the beach ridges were dated within this project by using the 
radiocarbon dating method (Tab. 15). Isotopic results were then compared with the 
oxygen and carbon isotopic composition of modern shells collected from the active 
beach in the same area. The beach ridge that was assigned the WP138 is, 
according to data from remote sensing and field data, is the same beach ridge of 
WP 139, on which was carried out a radiocarbon dating. For this reason, the 
isotopic results of the shells from the two WP were combined. 
 
Figure 135 – Holocene and modern beach ridges sampled and analyzed in Bahia 
Bustamante area. 
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Figure 136 – Sampling of the shells from the beach ridge dated to 5276±47 yr BP. 
 
 
Holocene shells from WP 256, the beach deposit dated to 4138±41 yr BP have 
oxygen isotopic composition ranging from 0.43 to 0.88‰ and mean δ18O value of 
0.59±0.20‰ (Δδ18O = 0.46‰), the specimens sampled from WP 144 dated to 
4693±59 yr BP show δ18O values between 0.39 and 0.65‰ with mean δ18O value of 
0.56±0.14‰ and Δδ18O = 0.26‰ (Tab. 15). The δ18O values of Ameghinomya 
antiqua individuals collected from WP 138-139 beach ridges (5276±47 yr BP 
uncalibrated) ranges from 0.25 to 0.59‰ and show mean δ18O value of 0.37±0.11‰ 
with Δδ18O = 0.34‰ (Tab. 15).  
The same specimens show carbon isotope composition values ranging from 0.88 to 
1.59 ‰ (mean δ13C values of 1.36±0.32‰ and Δδ13C = 0.71‰), from 0.69 to 1.38‰ 
(mean δ13C values of 1.01±0.35‰ and Δδ13C = 0.69‰) and from 0.36 to 1.01 
(mean δ13C values of 0.70±0.24‰ and Δδ13C = 0.75‰) respectively (Tab. 15).  
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Table 15 – Carbon and oxygen isotopic composition, mean values, standard deviation 
and range values of modern and Holocene shells of Ameghinomya antiqua from Bahia 
Bustamante area.  
 
Comparing the Holocene and the modern shell isotopic composition it is possible to 
observe that the shells sampled from the beach ridge dated to 4138±41 yr BP show 
the values of the oxygen isotopic composition similar to the values of the modern 
individuals, while for the specimens from the older Holocene beach ridges the 
values are slightly more positive (Fig. 137). The carbon isotope composition results, 
except for two samples, always more positive for Holocene shells than for the 
modern specimens (Fig. 137). 
SAMPLE 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰ !13C‰ (mean value) st. d v. "!13C‰ !18O‰ (mean value)st. dev."!18O ‰
WP237(1) -0.24 0.02 0.00 0.28 0.77 0.22 0.14 0.47
WP237(2) -0.06 0.16
WP237(3) 0.41 0.27
WP237(4) -0.36 0.23
WP237(5) -0.21 -0.03
WP613(1) -0.15 0.28
WP613(2) 0.35 0.27
WP613(3) -0.22 0.23
WP 613(4) 0.24 0.44
WP 613 (5) 0.23 0.36
WP256A(1) 4138 ± 41 !"#!$!%&' 1.58 0.72 1.36 0.32 0.71 0.59 0.20 0.46
WP256A(2) 4138 ± 41 !"#!$!%&' 1.57 0.88
WP256A(3) 4138 ± 41 !"#!$!%&' 1.17 0.42
WP256A(4) 4138 ± 41 !"#!$!%&' 0.88 0.43
WP256B 4138 ± 41 !"#!$!%&' 1.59 0.51
WP144(1) 4693 ± 59 !#(!$&"!# 0.95 0.65 1.01 0.35 0.69 0.56 0.14 0.26
WP144(3) 4693 ± 59 !#(!$&"!# 1.38 0.39
WP144(4) 4693 ± 59 !#(!$&"!# 0.69 0.63
WP138(1) 5276 ± 47 &)&&$(*+% 0.95 0.59 0.70 0.24 0.75 0.367 0.11 0.34
WP138(2) 5276 ± 47 &)&&$(*+% 0.75 0.27
WP138(3) 5276 ± 47 &)&&$(*+% 0.96 0.31
WP138(4) 5276 ± 47 &)&&$(*+% 0.74 0.34
WP139(1) 5276 ± 47 &)&&$(*+% 0.36 0.26
WP139(2) 5276 ± 47 &)&&$(*+% 0.41 0.25
WP139(3) 5276 ± 47 &)&&$(*+% 0.58 0.38
WP139(4) 5276 ± 47 &)&&$(*+% 0.54 0.45
WP139BIS(2)5276 ± 47 &)&&$(*+% 1.01 0.45
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Figure 137 - δ13C vs δ18O of Holocene and modern Ameghinomya antiqua from 
Bahia Bustamante area. 
 
 
Mean values of δ18O for each layer indicate that all the Holocene shells are slightly 
18O-enriched (by maximum 0.40‰) compared to modern specimens (Fig. 138).  
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Figure 138 - Oxygen isotope mean values and standard deviation vs age of Holocene 
and modern Ameghinomya antiqua shells sampled in Bahia Bustamante area. 
 
 
The Holocene shells, furthermore, also show mean δ13C values more positive than 
modern samples.  Higher value is found for the more recent Holocene beach ridge, 
while for the two oldest beach ridge the carbon isotopic composition tends to 
decrease, but remains higher than in specimens of the modern beach (Fig. 139). 
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Figure 139 - Carbon isotope mean values and standard deviation vs age of Holocene 
and modern Ameghinomya antiqua shells sampled in Bahia Bustamante area. 
 
 
6.3.2.5. Stable isotope composition of Holocene Ameghinomya antiqua shells in 
Bahia Solano 
 
In Bahia Solano the stable isotope composition was studied on shells sampled from 
three Holocene levels (Fig. 140) outcropping along the Cañadon Celeste, a very 
small river. Two levels were dated with the radiocarbon dating method (Tab. 16).  
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Figure 140 - Localization of Holocene deposits sampled and analyzed in Bahia Solano. 
 
The shells coming from WP 274A and WP 274C were sampled from an outcrop, 
whose upper part (WP 275A) was dated to 2133±62 yr BP (Fig. 141). The shells 
sampled in WP 278 are from a Holocene beach ridge located further upstream. 
Codignotto (1990) in Bahia Solano, a couple of km from our sampling area, 
recognized and dated three Holocene systems of littoral successions progressively 
older going inwards.  
Based on the stratigraphy of Codignotto (1990) and on the field work data, it is 
possible to hypothesize that the beach ridge at WP 278 is older than the beach 
ridges at WP 272 and WP 274. 
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Figure 141 – Holocene beach ridges sampled at WP 274 and WP 275. 
 
Holocene shells from WP 272 (n = 6; 1930±24 yr BP), WP 274A (n = 6; younger 
than 2133±62 yr BP), WP 274C (n = 6; younger than 2133±62 yr BP) and WP 278 
(n = 6; undetermined Holocene) show oxygen isotopic values between 0.28 and 
0.55‰ for the younger Holocene deposit, between 0.08 and 0.77‰ and between  
0.13 and 0.51‰ for the layers younger than 2133±62 yr BP and between 0.37 and 
0.75‰ for the older beach ridge (Tab. 16 and Fig. 141). These shells show mean 
δ18O values of 0.46±0.10‰ (Δδ18O = 0.27‰), 0.40±0.29‰ (Δδ18O = 0.69‰), 
0.34±0.16‰ (Δδ18O = 0.38‰) and 0.50±0.17‰ (Δδ18O = 0.38‰) respectively (Tab. 
16).  
The same Ameghinomya antiqua shells show carbon isotope composition values 
ranging from 0.50 to 0.86 ‰ (mean δ13C value of 0.52±0.28‰ and Δδ13C = 0.70‰), 
from 0.10 to 1.62‰ (mean value of 0.72±0.52‰ and Δδ13C = 1.51‰), from 0.29 to 
0.86‰ (mean δ13C value of 0.53±0.25‰ and Δδ13C = 0.57‰) and from 0.0.64 to 
1.26‰ (mean δ13C value of 0.96±0.26‰ and Δδ13C = 0.62‰) respectively (Tab. 16).  
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Table 16 – Carbon and oxygen isotopic composition, mean values, standard deviation 
and range values of modern and Holocene shells of Ameghinomya antiqua from Bahia 
Solano area.  
 
The stable isotope composition of Holocene shells was compared, as for the other 
localities, with the isotopic values of modern specimens (Figs. 142-143). 
Lacking the age of the beach ridge located more in the interior and even the exact 
age of beach ridges placed at the WP 274, it was not possible to plot the results of 
the isotopic composition versus the age. However, it is possible to observe that 
Holocene shells show more positive values of δ13C with a large range of values, 
while the δ18O values are extremely variable (Fig. 142).  
 
SAMPLE 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP271(1) MODERN -0.14 0.17 -0.27 0.20 0.46 0.27 0.06 0.16
WP271(2) MODERN -0.39 0.26
WP271(3) MODERN -0.38 0.32
WP271(4) MODERN -0.45 0.27
WP271(5) MODERN 0.01 0.33
WP272A 1930±24 1394-1548 0.55 0.28 0.52 0.28 0.7 0.46 0.10 0.27
WP272B(1) 1930±24 1394-1548 0.50 0.54
WP272B(2) 1930±24 1394-1548 0.16 0.52
WP272B(3) 1930±24 1394-1548 0.80 0.55
wp272B(4) 1930±24 1394-1548 0.86 0.40
WP272B(5) 1930±24 1394-1548 0.28 0.49
WP274A(1) <2133±62 upper layer <1558-1865 1.62 0.08 0.72 0.52 1.51 0.40 0.29 0.69
WP274A(2) <2133±62 upper layer <1558-1865 0.37 0.61
WP274A(3) <2133±62 upper layer <1558-1865 0.10 0.54
WP274A(4) <2133±62 upper layer <1558-1865 0.78 0.77
WP274A(5) <2133±62 upper layer <1558-1865 0.82 0.10
WP274A(6) <2133±62 upper layer <1558-1865 0.62 0.30
WP274C(1) <2133±62 lower layer <1558-1865 0.45 0.13 0.53 0.25 0.57 0.34 0.13 0.38
WP274C(2) <2133±62 lower layer <1558-1865 0.30 0.27
WP274C(3) <2133±62 lower layer <1558-1865 0.48 0.51
WP274C(4) <2133±62 lower layer <1558-1865 0.86 0.40
WP274C(5) <2133±62 lower layer <1558-1865 0.29 0.39
WP274C(6) <2133±62 lower layer <1558-1865 0.82 0.35
WP278(1) HOLOCENE 0.95 0.75 0.96 0.26 0.62 0.50 0.17 0.38
WP278(2) HOLOCENE 0.64 0.37
WP278(3) HOLOCENE 1.00 0.40
WP278(4) HOLOCENE 1.26 0.49
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   185	  
 
Figure 142 – Oxygen vs carbon isotopic composition of Holocene and modern shells 
from Bahia Solano beach deposits. 
 
 
In these samples, in fact, the standard deviation from the mean value, especially for 
the oxygen, is particularly high and causes the values overlap. For the carbon 
isotopic composition, however, the average values are decidedly more positive than 
the mean value of the modern shells, while there are not big differences between 
the mean values of the Holocene specimens (Fig. 143). 
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Figure 143 – δ13C and δ18O mean values and standard deviation of modern and 
Holocene shells from Bahia Solano area. 
 
 
6.3.2.6. Stable isotope composition of Holocene Ameghinomya antiqua shells in 
Caleta Olivia 
 
Stable isotope (carbon and oxygen) analyses were performed on Ameghinomya 
antiqua shells sampled within three Holocene beach ridges located in Caleta Olivia 
area (Fig. 144). The beach ridge at WP 468A (Fig. 145) was dated with the 14C 
dating within this project, the radiocarbon ages of the other two beach ridges were 
obtained from Schellmann and Radtke (2003; 2010). 
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Figure 144 – Localization of Holocene and modern beach deposits sampled and 
analyzed. 
 
Figure 145 – The more recent Holocene beach ridge with A. antiqua articulated 
shell. 
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Holocene Ameghinomya antiqua specimens from WP 468A (n = 4; 539±38 yr BP), 
WP 475B (n = 3; 4074±34 yr BP) and WP 523 (n = 3; 5450±100 yr BP) show δ18O 
values ranging from 0.92 to 1.08‰, from 0.66 to 1.34‰ and from 0.43 to 0.85‰ and 
present mean δ18O values of 0.99±0.07‰ (Δδ18O = 0.16‰), 0.93±0.36‰ (Δδ18O = 
0.68) and 0.85±0.23‰ (Δδ18O = 0.42‰) respectively (Tab. 17).  
The same shells have δ13C values between 0.56 and 1.23‰, between 0.23 and 
0.47‰ and between -0.35 and 0.52‰  and show mean δ13C values of 0.86±0.28‰ 
(Δδ13C = 0.67‰), 0.32±0.13‰ (Δδ13C = 0.24‰) and 0.11±0.43‰ (Δδ13C = 0.87‰) 
respectively (Tab. 17).  
 
 
 
Table 17 – Carbon and oxygen isotopic composition, mean values, standard deviation 
and range values of modern and Holocene shells of Ameghinomya antiqua from Caleta 
Olivia area.  
 
Comparing the isotopic results of the Holocene shells with the modern individuals it 
is possible to observe that the shells collected from the beach ridges dated to 
4074±34 yr BP	   and 5450±100 yr BP show similar oxygen and carbon isotopic 
values with respect to the modern specimens (Figs. 146). The shells from the late 
SAMPLE 14C AGE (uncalibrated) 14C cal BP 2 sigma !13C‰ !18O‰!13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP473B(1) MODERN 0.06 0.71 0.25 0.19 0.39 0.69 0.14 0.32
WP473B(2) MODERN 0.45 0.81
WP473B(4) MODERN 0.37 0.75
WP 473B(6) MODERN 0.12 0.49
WP468A(1) 539±38 509-564 0.56 1.08 0.86 0.28 0.67 0.99 0.07 0.16
WP468A(2) 539±38 509-564 0.86 0.92
WP468A(3) 539±38 509-564 0.80 0.99
WP468A(4) 539±38 509-564 1.23 0.99
WP475B(1) LIT 4074±34 3983-4226 0.47 1.34 0.32 0.13 0.24 0.93 0.36 0.68
WP475B(2) LIT 4074±34 3983-4226 0.28 0.78
WP475B(4) LIT 4074±34 3983-4226 0.23 0.66
WP523(1) LIT 5450±100 5592-6054 0.52 0.85 0.11 0.43 0.87 0.85 0.23 0.42
WP523(2) LIT 5450±100 5592-6054 0.15 0.48
WP523(3) LIT 5450±100 5592-6054 -0.35 0.43
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Holocene beach deposit, instead, have slightly more positive values of δ18O	   and 
δ13C (Fig. 146).	  
 
 
Figure 146 – Oxygen vs carbon isotopic composition of Holocene and modern shells 
from Caleta Olivia beach deposits. 
 
 
No significant difference was observed for δ18O (Fig. 147) and δ13C (Fig. 148) mean 
values between modern and middle Holocene specimens. On the other hand, late 
Holocene shells were slightly 18O- and 13C-enriched. 
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Figure 147 - Oxygen isotope mean values and standard deviation vs age of Holocene 
and modern Ameghinomya antiqua shells sampled in Caleta Olivia area. 
 
 
 
Figure 148 - Carbon isotope mean values and standard deviation vs age of 
Holocene and modern Ameghinomya antiqua shells sampled in Caleta Olivia area. 
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6.3.3. Stable isotope composition of Pleistocene marine shells 	  
Stable isotope analyses were carried out only on Ameghinomya antiqua shells, 
because the shells belonging to the family Mytilidae are much less abundant in 
Pleistocene deposits. The shells analyzed come from different beach ridges 
outcropping in three localities (Camarones, Bahia Bustamante and Caleta Olivia, 
Fig. 121) and deposited during different Marine Isotope Stages (“MIS”). The oldest 
beach deposits date back to the MIS 11, the interglacial period between 424,000 
and 374,000 years ago (Lisiecki, 2005), while most recent Pleistocene deposits 
analyzed were dated to MIS 5, the interglacial stage between 130,000 and 71,000 
years ago (Lisiecki, 2005). 
Where possible U/Th ages performed within this study were used (for all dating see 
Appendix A). Otherwise ESR dating from the works of Schellmann & Radtke 
(indicated with the words LIT in tables), or the age deduced from stratigraphic 
considerations on the field was used. 
The oxygen and carbon isotopic composition of Pleistocene Ameghinomya antiqua 
shells were compared with specimens collected from the active beach of the same 
locality. 
 
6.3.3.1. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in 
Camarones area 	  
In Camarones area five raised beach systems were referred to Holocene, MIS 5, 7, 
9 and 11 (Schellmann, 1998; 2007; Schellmann & Radtke, 2003; Zanchetta et al., 
2012; Pappalardo et al., 2013). 
In the coastal tract north of Camarones village, in the same area were Holocene 
Mytilidae shells were collected (see chapter 6.3.2.1.), a beach ridge system dated to 
MIS 5 was mapped and sampled (Fig. 149). Within this system four beach ridges 
(two of which was also dated by Schellmann, 1998) were sampled, dated with the 
U/Th dating method and analyzed for stable isotope composition (Fig. 149 and Tab. 
18). The two U/Th ages obtained from the beach ridges dated formerly by 
Schellmann (1998) are in perfect agreement with ESR dating. 
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Figure 149 – Sketch map of the coast tract north of Camarones village where 
Ameghinomya antiqua shells were collected from beach ridges dated at MIS 5 (from 
Pappalardo et al., 2013). 
 
South of the village of Camarones two Pleistocene beach deposits were sampled 
and dated with the U/Th dating (Fig. 150): the beach ridge sampled at WP92 
yielded an U/Th age of 92±0.6 ka BP and the beach ridge at WP97 an age 
consistent with a deposition during MIS 11 (414±16 ka BP). 
These beach deposits were dated with ESR dating method by Schellmann (1998) at 
MIS 7 and MIS 9 respectively. 
However, since the section at WP 92, from which specimens of A. antiqua were 
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sampled for dating and for the isotopic analysis, is constituted by two stratigraphic 
units separated by an unconformity and since from the Schellmann work is not clear 
in which unit the shells were sampled, in this thesis our U/Th dating was used.  
 
 
Figure 150 – Sampling locations of Pleistocene beach ridges south of Camarones 
village. 
 
 
Ameghinomya antiqua shells sampled from beach ridges outcropping in the 
northern sector of Camarones show oxygen isotopic values ranging from 0.22 to 
0.70‰ for the beach deposit dated to 121000±900 yr BP, with mean δ18O value of 
0.40± 0.16‰ and Δδ18O = 0.32‰, from 0.20 to 0.74‰ (mean δ18O value of 
0.50±0.18‰ and Δδ18O = 0.54‰) for the beach ridge dating back to 127000±1200 
yr BP, from 0.26 to 0.91‰ (mean δ18O value of 0.57± 0.27‰ and Δδ18O = 0.65‰) 
for the shells sampled from the beach ridge with an age of 130±2.5 ka BP and δ18O 
values between 0.37 and 0.70‰, with mean  δ18O value of 0.53± 0.13‰  and Δδ18O 
= 0.33‰ for the beach deposit dated to 131±1.1 ka BP (Tab. 18 and Fig. 151).  
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The same A. antiqua specimens have δ13C values between 0.65 and 1.01‰, 
between 0.19 and 1.61‰, between -0.05 and 0.83‰ and between 0.19 and 0.93‰ 
and show mean δ13C values of 0.87±0.12‰ (Δδ13C = 0.46‰), 0.77±0.51‰ (Δδ13C = 
1.42‰), 0.29±0.30‰ (Δδ13C = 0.88‰) and 0.58±0.36‰ (Δδ13C = 0.74‰) 
respectively (Tab. 18 and Fig. 151).  
The shells from the two Pleistocene beach ridges deposited south to the village of 
Camarones show narrower δ18O values ranging from 0.51 to 0.71‰ with mean 
oxygen isotopic value of 0.60±0.07‰ and Δδ18O = 0.2‰ for the layer dated at MIS 5 
and from 0.18 to 0.37‰ (mean δ18O value of 0.28± 0.07‰ and Δδ18O = 0.19‰) for 
the beach ridge deposited during the MIS 11 (Tab. 18 and Fig. 151). Carbon 
isotopic values for the same shells ranges from 0.55 to 1.01‰ (mean δ13C values of 
0.83±0.28‰ and Δδ13C = 0.57‰) and from 0.32 to 1.14‰, with mean δ13C values of 
0.65±0.32‰ (Δδ13C = 0.82‰). 
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Table 18 – Carbon and oxygen isotopic composition, mean values, standard deviation 
and range values of modern and Pleistocene shells of Ameghinomya antiqua from 
Camarones area. 
 
 
 
 
 
SAMPLE  AGE (yr BP) !13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP60BBIS(1) modern beach 0.11 0.07 0.32 0.38 1.32 0.32 0.10 0.35
WP60BBIS(2) modern beach 0.49 0.40
WP623BIS(1) modern beach 0.07 0.42
WP623BIS(3) modern beach 0.36 0.33
WP623BIS(4) modern beach 0.30 0.23
WP623BIS(5) modern beach -0.09 0.39
WP623BIS(6) modern beach -0.43 0.37
WP95(2) modern beach 0.59 0.38
WP95(3) modern beach 0.62 0.30
WP95(4) modern beach 0.89 0.35
WP110(2) modern beach 0.65 0.25
WP64A(2) 121000±900 0.87 0.22 0.87 0.12 0.46 0.40 0.16 0.32
WP64A(3) 121000±900 0.91 0.31
WP64A(4) 121000±900 0.75 0.44
WP64A(7) 121000±900 1.01 0.54
WP64B(2) 121000±900 0.82 0.37
WP64B(3) 121000±900 0.65 0.28
WP64B(4) 121000±900 0.96 0.30
WP64B(7) 121000±900 0.97 0.70
WP70A(1) 127000±1200 0.19 0.20 0.77 0.51 1.42 0.50 0.18 0.54
WP70A(2) 127000±1200 1.12 0.39
WP70A(3) 127000±1200 0.25 0.44
WP70A(4) 127000±1200 0.64 0.43
WP70A(5) 127000±1200 0.54 0.59
WP70A(6) 127000±1200 1.02 0.74
WP70B 127000±1200 1.61 0.67
WP65(1) 130000±2500 0.06 0.40 0.29 0.30 0.88 0.57 0.27 0.65
WP65(2) 130000±2500 -0.05 0.26
WP65(3) 130000±2500 0.83 0.47
WP65(6) 130000±2500 0.28 0.91
WP65(7) 130000±2500 0.30 0.88
WP65(8) 130000±2500 0.34 0.46
WP68(1) 131000±1100 0.23 0.70 0.58 0.359 0.74 0.53 0.13 0.33
WP68(2) 131000±1100 0.85 0.63
WP68(3) 131000±1100 0.19 0.52
WP68(4) 131000±1100 0.33 0.37
WP 68(5) 131000±1100 0.93 0.51
WP 68(6) 131000±1100 0.92 0.43
WP92A(1) 92000±600 1.10 0.61 0.83 0.28 0.57 0.60 0.07 0.2
WP92A(2) 92000±600 0.55 0.51
WP92A(3) 92000±600 0.87 0.62
WP92A(4) 92000±600 0.53 0.57
WP92A(5) 92000±600 1.10 0.71
WP97(1) 414000±16000 0.43 0.23 0.65 0.32 0.82 0.28 0.07 0.19
WP97(2) 414000±16000 0.57 0.18
WP97(3) 414000±16000 1.14 0.29
WP97(4) 414000±16000 0.76 0.37
WP97(5) 414000±16000 0.32 0.30
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The stable isotope composition of Pleistocene shells is similar to composition of 
modern specimens for both oxygen and carbon values, though some individuals 
sampled from beach ridges dated to MIS 5 show slightly more positive values of 
δ18O (Fig. 151). 
 
 
Figure 151 – Oxygen and carbon composition of Ameghinomya antiqua shells sampled 
from Pleistocene and modern beach ridges in Camarones area.  
 
 
Comparing the δ18O mean values of Pleistocene specimens with modern ones it is 
possible to observe that Pleistocene Ameghinomya antiqua shells have more 
positive values, but the high standard deviations from the mean values make that 
the values overlap (Fig. 152). The specimens from the beach deposit with an U/Th 
age of 92±0.6 ka BP show higher δ18O mean value than modern shells. The shells 
dated at MIS 11 and the modern individuals have very similar oxygen isotopic mean 
values. 
Similar results were also obtained for the δ13C mean values: also in this case mean 
values of the Pleistocene shells are slightly higher than modern ones (Fig. 153). 
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Figure 152 - Oxygen isotope mean values and standard deviations vs age of 
Pleistocene and modern Ameghinomya antiqua shells sampled in Camarones area. 
 
 
 
Figure 153 - Carbon isotope mean values and standard deviations vs age of 
Pleistocene and modern Ameghinomya antiqua shells sampled in Camarones area. 
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6.3.3.2. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in 
Bahia Bustamante area 	  
In Bahia Bustamante area Ameghinomya antiqua shells were collected from several 
Pleistocene beach deposits (Fig. 154 and Tab. 19). The assignment of the various 
beach ridges mapped and sampled at different Marine Isotope Stages was carried 
out through field survey (Isola et al., 2011) confirming the stratigraphy inferred from 
the work of Schellmann (1998, 2007) and Schellmann & Radtke (2000, 2003). On 
the basis of these assumptions shells used for isotopic analysis come from beach 
deposits attributed to the MIS 5, MIS 7 and MIS 9 (Fig. 154 and Tab. 19). Two U/Th 
dating were performed on Ameghinomya antiqua shells taken by two beach 
deposits dated also by Schellmann (1998) with the ESR method. The first U/Th 
dating, yielding an age of 89±0.9 ka BP, is in agreement with Schellmann (1998) 
dating, the second dating yielded an age of 82±0.5 ka BP, attributing to MIS 5 a 
beach ridge that according to the dating of Schellmann (1998) and according to our 
field observations would be deposited during the MIS 7. For this reason, the second 
dating carried out within this project was rejected and the deposit was attributed to 
MIS 7. 
Schellmann (1998) identifies in this area different levels (“terraces”) of beach ridges 
within the various MIS (called T1, T2, T3). For the area of Bahia Bustamante in this 
thesis the same classification is followed (Fig. 154 and Tab. 19). The beach ridges 
dated at MIS 5 from which the shells were removed for the analysis belong to two 
different levels, here called T1 and T3. On the contrary the shells sampled from MIS 
7 and MIS 9 beach deposits come from the same level. 
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Figure 154 – Distribution of marine beach deposits at Bahia Bustamante. The points in 
red represent the Pleistocene beach ridges sampled for the analyses (modified from 
Schellmann & Radtke, 2000). 
 
Shells collected from Pleistocene beach ridges deposited in Bahia Bustamante area 
show oxygen isotopic values ranging from 0.08 to 0.58‰ and from 0.11 to 0.63‰ 
for the beach deposit attributed to MIS 5, with mean δ18O value of 0.34± 0.13‰ and 
Δδ18O = 0.5‰ and 0.34± 0.13‰ and Δδ18O = 0.52‰ respectively, from -0.19 to 
0.42‰ (mean δ18O value of 0.15±0.23‰ and Δδ18O = 0.61‰) for the beach ridges 
deposited during MIS 7 and from 0.18 to 0.24‰ (mean δ18O value of 0.21± 0.04‰ 
and Δδ18O = 0.06‰) for the shells sampled from the MIS 9 beach ridge (Tab. 19 
and Fig. 155).  
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The same A. antiqua specimens have δ13C values between -0.08 and 1.52‰, 
between -0.54 and 1.02‰, between -0.55 and 1.00‰ and between 0.22 and 0.72‰ 
and show mean δ13C values of 0.82±0.45‰ (Δδ13C = 1.6‰), 0.36±0.47‰ (Δδ13C = 
1.56‰), 0.22±0.49‰ (Δδ13C = 1.55‰) and 0.47±0.36‰ (Δδ13C = 0.5‰) 
respectively (Tab. 19 and Fig. 155).  
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Table 19 – Carbon and oxygen isotopic composition, mean values, standard deviation 
and range values of modern and Pleistocene shells of Ameghinomya antiqua from Bahia 
Bustamante area. 
SAMPLE  AGE (yr BP) !13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP237(1) modern beach -0.24 0.02 0.00 0.28 0.77 0.22 0.14 0.47
WP237(2) modern beach -0.06 0.16
WP237(3) modern beach 0.41 0.27
WP237(4) modern beach -0.36 0.23
WP237(5) modern beach -0.21 -0.03
WP613(1) modern beach -0.15 0.28
WP613(2) modern beach 0.35 0.27
WP613(3) modern beach -0.22 0.23
WP 613(4) modern beach 0.24 0.44
WP 613 (5) modern beach 0.23 0.36
WP149(1) T1 MIS 5 89000 ± 800 0.84 0.29 0.82 0.45 1.6 !"#$ 0.13 0.5
WP149(2) T1 MIS 5 89000 ± 800 0.01 0.27
WP149(3) T1 MIS 5 89000 ± 800 1.17 0.37
WP149(5) T1 MIS 5 89000 ± 800 1.13 0.36
WP149(6) T1 MIS 5 89000 ± 800 0.98 0.27
WP149(7) T1 MIS 5 89000 ± 800 1.52 0.35
WP148(1) T1 MIS 5 0.50 0.31
WP148(2) T1 MIS 5 1.22 0.08
WP148(3) T1 MIS 5 1.08 0.56
WP148(4) T1 MIS 5 0.51 0.29
WP151(1) T1 MIS 5 1.22 0.37
WP151(2) T1 MIS 5 0.65 0.33
WP151(3) T1 MIS 5 0.62 0.48
WP151(4) T1 MIS 5 0.87 0.22
WP151(5) T1 MIS 5 -0.08 0.58
WP154A(1) T3 MIS 5 0.06 0.33 0.36 0.47 1.56 0.36 0.13 0.52
WP154A(2) T3 MIS 5 0.91 0.47
WP154B(1) T3 MIS 5 -0.29 0.34
WP154B(2) T3 MIS 5 0.05 0.26
WP154B(3) T3 MIS 5 -0.28 0.33
WP154B(4) T3 MIS 5 -0.54 0.11
WP168(1) T3 MIS 5 0.40 0.31
WP168(2) T3 MIS 5 -0.09 0.25
WP168(3) T3 MIS 5 0.74 0.19
WP168(4) T3 MIS 5 1.02 0.36
WP171A T3 MIS 5 0.61 0.63
WP172(1) T3 MIS 5 0.56 0.53
WP172(2) T3 MIS 5 0.44 0.38
WP172(3) T3 MIS 5 0.97 0.59
WP172(4) T3 MIS 5 0.51 0.29
WP172(5) T3 MIS 5 0.55 0.42
WP173A(1) T3 MIS 5 0.05 0.26
WP173A(2) T3 MIS 5 0.89 0.40
WP175A(1) MIS7 0.34 0.15 0.22 0.49 1.55 0.15 0.23 0.61
WP175A(2) MIS7 0.52 0.34
WP175A(3) MIS7 0.55 0.29
WP175A(5) MIS7 1.00 0.27
WP176BIS(1) MIS7 0.59 0.42
WP176BIS(2) MIS7 -0.17 -0.01
WP176BIS(3) MIS7 -0.55 -0.19
WP176BIS(4) MIS7 0.37 0.41
WP176BIS(5) MIS7 -0.02 -0.02
WP176BIS(6) MIS7 -0.39 -0.13
WP197(1) MIS 9 0.22 0.18 0.47 0.36 0.5 0.21 0.04 0.06
WP197(2) MIS 9 0.72 0.24
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Pleistocene shells collected from different beach deposits attributed to MIS 5 show 
similar oxygen isotope composition, while some specimens coming from the MIS 5 
Terrace 1 have highest values of δ13C (Fig. 155). Some samples from beach ridges 
dated at MIS 7 show negative values of both oxygen and carbon. The 
Ameghinomya antiqua individuals collected from the oldest beach ridge, attributed 
to MIS 9, have oxygen isotopic values similar to shells collected on the active beach 
(Fig. 155). 
 
Figure 155 – Oxygen vs carbon isotopic composition of Pleistocene and modern 
Ameghinomya antiqua shells from Bahia Bustamante area. 
 
Comparing the δ18O mean values of Pleistocene and modern shells it is possible to 
observe that the specimens sampled from beach deposits dated at MIS 5 show 
oxygen mean values slightly higher than modern and older Pleistocene shells, 
which instead are quite similar. However, standard deviations from mean values do 
not allow differentiating them (Fig. 156).  All Pleistocene shells δ13C mean values 
are more positive than the modern shell mean value, but even in this case the high 
standard deviations from mean values make that the values overlap (Fig. 157). 
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Figure 156 - Oxygen isotope mean values and standard deviations vs age have 
Pleistocene and modern Ameghinomya antiqua shells sampled in Bahia Bustamante 
area. 
 
Figure 157 - Carbon isotope mean values and standard deviations vs age of 
Pleistocene and modern Ameghinomya antiqua shells sampled in Bahia Bustamante 
area. 
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6.3.3.3. Stable isotope composition of Pleistocene Ameghinomya antiqua shells in 
Caleta Olivia area 
 
In Caleta Olivia area Ameghinomya antiqua shells were collected from Pleistocene 
beach deposits (Fig. 158) whose attribution to the different Marine Isotope Stages 
was established through field observations, which confirmed or not the previous 
works in the area (Schellmann, 1998; 2007; Schellmann & Radtke 2000; 2003). On 
the basis of these assumptions shells used for isotopic analysis come from beach 
deposits attributed to the MIS 5 (Fig. 159), MIS 7 and MIS 9 (Fig. 160) (Tab. 20).  
 
Figure 158– Distribution of Pleistocene beach deposits at Caleta Olivia sampled for the 
stable isotope analysis. 
 
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   205	  
 
Figure 159 – Pleistocene beach ridge attributed to Marine Isotope Stage 5. 
 
 
Figure 160 – Ameghinomya antiqua shells in a Pleistocene beach deposit attributed to 
Marine Isotope Stage 9. 
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Ameghinomya antiqua specimens sampled from Pleistocene beach deposits 
outcropping in Caleta Olivia area show oxygen isotopic composition between 0.32 
and 0.77‰ (mean value of 0.59±0.12‰ and Δδ18O = 0.45‰) for the beach ridges 
attributed to MIS 5, from 0.25 and 1.03‰, with mean δ18O value of 0.72±0.32‰ and 
Δδ18O = 0.78‰) for the beach ridges deposited during MIS 7 and between 0.34 and 
1.11‰ (mean δ18O value of 0.67± 0.21‰ and Δδ18O = 0.79‰) for the shells 
sampled from the MIS 9 beach ridge (Tab. 20 and Fig. 160). The same shells have 
δ13C values ranging from -0.57 and 0.84‰, from -0.69 to 0.40‰ and from -0.88 to 
1.01‰ and show mean δ13C values of 0.07±0.39‰ (Δδ13C = 1.06‰), 0.02±0.38‰ 
(Δδ13C = 1.09‰) and 0.24±0.48‰ (Δδ13C = 1.89‰) respectively (Tab. 20 and Fig. 
161).  
 
Table 20– Carbon and oxygen isotopic composition, mean values, standard 
deviation and range values of modern and Pleistocene shells of Ameghinomya 
antiqua from Caleta Olivia area. 
SAMPLE  AGE (yr BP)!13C‰ !18O‰ !13C‰ (mean value) st. dev. "!13C‰ !18O‰ (mean value) st. dev. "!18O ‰
WP473B(1) 0.06 0.71 0.25 0.19 0.39 0.69 0.14 0.32
WP473B(2) 0.45 0.81
WP473B(4) 0.37 0.75
WP 473B(6) 0.12 0.49
WP446(1) MIS 5 0.30 0.58 0.07 0.39 1.06 0.59 0.12 0.45
WP446(2) MIS 5 -0.19 0.57
WP447B(1) MIS 5 -0.13 0.61
WP447B(2) MIS 5 -0.57 0.70
WP447B(3) MIS 5 -0.08 0.54
WP447B(4) MIS 5 -0.22 0.53
WP455(1) MIS 5 0.84 0.32
WP455(2) MIS 5 0.19 0.77
WP455(4) MIS 5 0.60 0.75
WP455(5) MIS 5 0.23 0.63
WP455(6) MIS 5 -0.18 0.55
WP455(7) MIS 5 0.10 0.54
WP447C(1) MIS 7 0.00 0.47 0.02 0.38 1.09 0.72 0.32 0.78
WP447C(2) MIS 7 -0.69 0.25
WP447C(4) MIS 7 -0.02 0.64
WP454A(1) MIS 7 0.20 0.93
WP454A(2) MIS 7 0.23 1.01
WP454A(3) MIS 7 0.40 1.03
WP471(1) MIS 9 -0.88 0.52 0.24 0.48 1.89 0.67 0.21 0.77
WP471(2) MIS 9 1.01 0.63
WP471(3) MIS 9 0.93 1.11
WP479A(1) MIS 9 0.87 1.08
WP479A(2) MIS 9 0.80 0.71
WP479A(3) MIS 9 0.00 0.51
WP479B(1) MIS 9 0.02 0.34
WP479B(2) MIS 9 0.18 0.69
WP479B(3) MIS 9 0.75 0.80
WP479B(4) MIS 9 0.41 0.57
WP481(1) MIS 9 0.37 0.80
WP481(2) MIS 9 0.12 0.87
WP481(3) MIS 9 -0.19 0.90
WP481(4) MIS 9 0.06 0.52
WP481(5) MIS 9 0.11 0.64
WP481(6) MIS 9 -0.04 0.38
WP506(1) MIS 9 0.24 0.64
WP506(2) MIS 9 -0.43 0.44
WP506(3) MIS 9 0.27 0.68
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Ameghinomya antiqua shells from Pleistocene beach ridges show a large isotopic 
variability for carbon isotope ratio, >1 ‰ (almost 2‰ for the samples collected from 
the beach ridges deposited during MIS 9) for all the Marine Isotope Stages and 
narrower range of values for oxygen isotope composition (Fig. 161). 
 
 
Figure 161 – Oxygen vs carbon isotope composition of Pleistocene and modern 
Ameghinomya antiqua shells from Caleta Olivia area. 
 
 
Samples from Pleistocene beach deposits belonging to different MIS show mean 
values of the isotopic composition rather homogeneous both for oxygen both for 
carbon and substantially overlapping with the mean values of modern 
Ameghinomya antiqua shells (Fig. 162 and Fig. 163). 
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Figure 162 - Oxygen isotope mean values and standard deviations vs age 
have Pleistocene and modern Ameghinomya antiqua shells sampled in Caleta 
Olivia area. 
 
 
Figure 163 - Oxygen isotope mean values and standard deviations vs age 
have Pleistocene and modern Ameghinomya antiqua shells sampled in Caleta 
Olivia area. 
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6.4. TRACE ELEMENT ANALYSIS OF MARINE SHELLS 	  
6.4.1. Preservation state of marine shells 	  
Trace element concentrations of marine shells were used to infer the degree of 
preservation (e.g. Mn content) of shells comparing modern shells and fossils. In 
addition, concretions in soil/paleosol carbonate of the area were analyzed assuming 
that these concretions have been formed from the same potentially alterating 
solution of fossil shells. 
 
6.4.1.1. Manganese content 
 
When meteoric water alters marine carbonate, manganese (Mn) concentrations 
may increase (Brand and Veizer, 1980) because meteoric water contains ca. 40 
times more Mn than seawater (Drever, 1997). For this reason Mn concentrations in 
Holocene and Pleistocene shells were compared to Mn content in modern samples 
and to the Mn concentration of paleosols as a relative indicator of diagenetic trace 
element exchange (Fig. 164).  
 
Figure 164 – Manganese concentrations in modern and fossil A. antiqua shells and 
in paleosols. 
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The manganese content in fossil shells is within the variability of modern specimen 
concentrations. This data confirms the absence of significant shell alterations by 
meteoric waters for Ameghinomya antiqua specimens, as already showed by XRD 
analyses. 
 
6.4.1.2. Uranium content and U/Th dating method applied to marine molluscs 
 
Despite Late Quaternary marine molluscs can be potentially dated with U/Th, so 
offering a robust chronological support to geochemical proxies, the applicability of 
this method is still a challenge owing to the postmortem migration of uranium into 
mollusc shells (Kaufman et al., 1971; 1996; McLaren & Rowe, 1996; Labonne & 
Hillaire-Marcel, 2000).  
U concentration shows higher values in older samples (up to 4 ppm) above the 
values measured on modern specimens (Fig. 165). 
 
 
Figure 165 – Uranium content in modern and fossil A. antiqua shells. 
 
Therefore, U content could indicate which samples can be selected for U/Th dating. 
Where possible, our U/Th ages were compared with the age obtained from 
Schellmann (1998) for the same beach deposits (Tab. 21 and Fig. 166). It is 
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possible to observe that, although the data available are very few to draw any 
conclusions, low uranium content is not a discriminating factor to obtain reliable 
U/Th dating (Tab. 21). 
 
Sample Species 
analyzed 
U/Th age yr 
BP (our 
data) 
 
Locality Schellmann 
(1998) ESR age 
yr BP 
U (ppm) 
WP 64A(3) A. antiqua 121000±900 Camarones N 102000±10000 2.21 
WP 65(1) A. antiqua 130000±2500 Camarones N 129000±15750 1.44 
WP 92A(3) A. antiqua 92000±600 Camarones S 198000±23000 0.79 
WP 97(1) A. antiqua 41400±16000 Camarones S 370000±48200 1.94 
WP 149(1) A. antiqua 89000±800 B.Bustamante 119000±16000 0.2 
WP176BIS(1) A. antiqua 82500±500 B.Bustamante 215000±24500 1.6 
Table 21 – U/Th (our data) and ESR (Schellmann, 1998) dating and U content of 
Ameghinomya antiqua from Pleistocene beach deposits. 
 
 
Figure 166 – Comparison between U/Th and ESR ages on Ameghinomya antiqua 
specimens sampled from the same Pleistocene beach ridges. 
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6.4.1.3. Barium content 
 
During diagenesis no significant variations in chemical concentration occur for Ba 
for its tendency to be immobile (Brand & Morrison, 1987; Brand, 1989). The barium 
concentration in fossil shells is within the variability of modern specimen 
concentrations (Fig. 167). Moreover, the Ba content in most of paleosols is 
considerably higher than that in the marine shells. 
 
 
Figure 167 – Barium content in modern and fossil A. antiqua shells and in paleosols. 
 
 
6.4.1.4. Iron content 
 
Meteoric waters contain, generally, more Fe than seawater (Brand & Veizer, 1980; 
Brand & Morrison, 1987). The paleosols sampled in the study area show very high 
values of Fe, usually two orders of magnitude higher than marine shells selected 
from the same study area (Fig. 168). 
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Figure 168 – Iron content in modern and fossil A. antiqua shells and in paleosols. 
 
 
6.4.1.5. Magnesium and strontium content 
 
The meteoric water, generally, contains lower concentrations of Mg and Sr than 
seawater (Turekian, 1972; Brand & Veizer, 1980; Brand and Morrison, 1987). 
However, in the case of equilibration by aragonitic shells with diagenetic waters, it is 
observed an enrichment in the content of Mg, while in calcitic shells is observed a 
depletion (Brand and Morrison, 1987). 
Paleosols from Atlantic coast of Patagonia have higher values of magnesium than 
fossil and modern marine shells (Fig. 169). 
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 Figure 169 – Magnesium concentration in modern and fossil A. antiqua shells and in 
paleosols. 
 
 
The strontium concentration in paleosols, on the contrary, is lower than in modern 
and fossil marine shells (Fig. 170). 
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Figure 170 – Strontium concentration in modern and fossil A. antiqua shells and in 
paleosols. 
 
6.4.2. Trace element concentration on modern marine shells 
 
6.4.2.1. Trace element analysis of the modern shells Ameghynomia antiqua 	  
Modern shells of Ameghinomya antiqua were collected from the active beach in 
different localities along the Atlantic coast of Patagonia (figure 64, Chapter 5).  All 
the metal/Ca ratios, expressed in molar ratio, are shown in Tab. 22. 
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Table 22 – Metal/Ca ratios in modern Ameghinomya antiqua from the Atlantic coast of 
Patagonia. 
SAMPLE LATITUDE (°S) LOCALITY Ba/Ca (!mol/mol) Fe/Ca (!mol/mol) Mg/Ca (!mol/mol) Mn/Ca (!mol/mol)Sr/Ca (mmol/mol)*10 U/Ca (!mol*10/mol)
WP667(1) 42.1 PUERTO LOBOS 4.86 549.65 0.14 18.62 0.77
WP667(2) 42.1 PUERTO LOBOS 4.27 40.42 670.03 0.00 15.69 0.36
mean value 4.57 609.84 0.07 17.16 0.57
standard deviation 0.42 85.12 0.10 2.07 0.29
WP04(1) 44.16 CABO RASO 2.73 24.52 609.11 1.92 15.69 0.71
WP04(2) 44.16 CABO RASO 22.32 30.85 459.67 3.35 19.69 1.07
WP04(3) 44.16 CABO RASO 0.35 11.75 531.93 6.79 17.88 0.05
mean value 8.47 22.37 533.57 4.02 17.75 0.61
standard deviation 12.05 9.73 74.74 2.50 2.00 0.52
WP54(2) 44.34 BAHIA S.SEBASTIAN 0.04 58.14 459.55 2.92 16.82 0.04
WP54(3) 44.34 BAHIA S.SEBASTIAN 3.37 78.95 565.00 0.00 15.09 0.47
WP54(4) 44.34 BAHIA S.SEBASTIAN 1.99 60.15 568.76 0.00 13.45 0.54
mean value 1.80 65.75 531.10 0.97 15.12 0.35
standard deviation 1.67 11.48 61.99 1.69 1.68 0.27
WP60BBIS(1) 44.41 CAMARONES NORTH 4.23 29.10 557.23 0.74 17.47 0.67
WP60BBIS(2) 44.41 CAMARONES NORTH 2.01 68.46 547.59 4.92 9.14 0.68
WP60BBIS(3) 44.41 CAMARONES NORTH 26.40 56.15 537.92 3.33 17.06 0.00
WP623BIS(1) 44.41 CAMARONES NORTH 18.94 52.49 429.04 2.90 17.76 1.54
WP623BIS(2) 44.41 CAMARONES NORTH 22.95 19.06 380.36 2.08 17.58 1.84
mean value 14.91 45.05 490.43 2.80 15.80 0.95
standard deviation 11.11 20.35 80.42 1.55 3.73 0.74
WP95(1) 44.5 CAMARONES SOUTH 485.25 0.28
WP95(2) 44.5 CAMARONES SOUTH 4.28 27.22 767.34 2.51 10.64 0.98
WP95(3) 44.5 CAMARONES SOUTH 19.97 46.95 536.43 4.06 18.35 0.35
WP110(1) 44.5 CAMARONES SOUTH 10.09 53.74 281.84 1.62 11.67 5.58
WP110(2) 44.5 CAMARONES SOUTH 3.94 37.23 211.19 1.07 15.48 0.68
mean value 9.57 41.28 456.41 1.91 14.04 1.90
standard deviation 7.48 11.57 220.52 1.45 3.55 2.47
WP237(1) 45.08 BAHIA BUSTAMANTE 2.73 15.43 530.80 0.00 15.69 0.35
WP237(2) 45.08 BAHIA BUSTAMANTE 3.82 21.96 416.98 0.25 14.46 0.42
WP237(4) 45.08 BAHIA BUSTAMANTE 27.46 16.31 451.72 1.50 25.82 0.63
mean value 11.34 17.90 466.50 0.58 18.66 0.47
standard deviation 13.97 3.55 58.33 0.80 6.23 0.14
WP271(1) 45.4 BAHIA SOLANO 37.11 17.89 414.89 1.52 16.19 0.50
WP271(3) 45.4 BAHIA SOLANO 9.15 56.21 445.50 3.57 30.35 1.95
mean value 23.13 37.05 430.19 2.55 23.27 1.23
standard deviation 19.77 27.10 21.65 1.45 10.01 1.02
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Ameghinomya antiqua modern shells show Ba/Ca ratios ranging from 0.04 for a 
Bahia San Sebastian specimen to 37.11 µmol/mol for Bahia Solano sample, with 
mean values between 1.80±1.67 µmol/mol of Bahia San Sebastian specimens and 
23.13±19.77 µmol/mol of Bahia Solano shells (Tab. 22).  
Modern samples collected at different localities show a large intra-specific variability 
even within the same sampled beach (e.g. for the localities of Cabo Raso, 
Camarones North, Camarones South, Bahia Bustamante and Bahia Solano, Fig. 
171). 
 
Figure 171 – Ba/Ca ratios of modern A. antiqua shells along the Patagonia Atlantic 
coast. 
 
 
By analyzing the mean values of Ba/Ca ratio of the shells of modern Ameghinomya 
antiqua to vary the latitude, it is possible to observe that owing to the very large 
variability no trends is observed when samples are plotted against latitude  (Fig. 
172).  
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Figure 172 – Mean values and standard deviations of Ba/Ca ratios of modern A. 
antiqua shells to vary the latitude. 
 
 
Modern specimens of Ameghinomya antiqua collected at different localities have 
Fe/Ca ratios between 11.75 and 90.73 µmol/mol obtained respectively from a Cabo 
Raso and a Puerto Lobos sample (Tab. 22). Mean values ranges from 17.90±3.55 
µmol/mol of Bahia Bustamante specimens and 65.75±11.48 µmol/mol of Bahia San 
Sebastian samples (Tab. 22). 
A large intra-specific variability within the same sampled beach is found for the 
shells collected from Puerto Lobos, Camarones North and Bahia Solano beaches 
(Fig. 173). 
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Figure 173 – Fe/Ca ratios of modern A. antiqua shells along the Patagonia 
Atlantic coast. 
 
In the central part of the study area, from Bahia San Sebastian, where the Fe/Ca 
ratio is higher, to Bahia Bustamante, the mean values slightly decrease (Fig. 174). 
Nevertheless, no particular trend is observed also for Fe/Ca content in modern 
shells from north to south. 
 
 
Figure 174 – Mean values and standard deviations of Fe/Ca ratios of modern A. 
antiqua shells to vary the latitude. 
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Mg/Ca varies in modern A. antiqua shells from 211.19 to 767.34 µmol/mol in 
Camarones South samples, which show the highest intra-specific variability within 
the same beach (Tab. 22 and Fig. 175). Mean values ranges from 430.19±21.65 
µmol/mol of specimens collected from the beach sampled further south (Bahia 
Solano) and 570.06±91.48 µmol/mol of the northernmost Puerto Lobos samples 
(Tab. 22). Except for the shells sampled at Camarones South, the samples have a 
narrow compositional variability within the same beach  (Tab. 22 and Fig. 175). 
 
 
Figure 175 – Mg/Ca ratios of modern A. antiqua shells along the Patagonia Atlantic 
coast. 
 
 
Mean values of Mg/Ca ratio are progressively lower from north to south (Fig. 176).  
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Figure 176 – Mean values and standard deviations of Mg/Ca ratios of modern A. 
antiqua shells to vary the latitude. 
 
 
Mn/Ca ratios of Ameghinomya antiqua specimens collected from active beaches 
ranges from 0 in shells from Puerto Lobos, Bahia San Sebastian and Bahia 
Bustamante up to 6.79 µmol/mol for a Cabo Raso sample (Tab. 22), with mean 
values between 0.58±0.80 µmol/mol of Bahia Bustamante individuals and 2.80 
±1.55 µmol/mol of Camarones shells (Tab. 22 and Fig. 177). 
 
Mean values, as for Fe/Ca, show a decrease in terms of Mn/Ca ratio between 
Camarones and Bahia Bustamante, even if the differences between the various 
localities are substantially overlapping (Fig. 178). The mean value in shells from 
the northern beach is lower than the mean values in shells collected further south. 
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Figure 177 – Mn/Ca ratios of modern A. antiqua shells along the Patagonia Atlantic 
coast. 
 
 
 
Figure 178 – Mean values and standard deviations of Mn/Ca ratios of modern A. 
antiqua shells to vary the latitude. 
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Modern Ameghinomya antiqua shells show the lower Sr/Ca ratio (9.14 
mmol*10/mol) in a specimen coming from the beach of Camarones North and the 
higher ratio (41.78 mmol*10/mol) in a sample collected from Puerto Lobos beach 
(Tab. 22). Mean values vary from 14.04±3.55 mmol*10/mol of Camarones South 
individuals and 25.37±14.29 mmol*10/mol of Puerto Lobos shells (Tab. 22 and Fig. 
179). 
Compared to other metal/Ca ratios the values of Sr/Ca,	  except for a few, are fairly 
homogeneous in all the study area (Fig. 179) and the mean values show very small 
differences, in particular in the central part of the study area, substantially 
overlapping (Fig. 180). 
 
 
Figure 179 - Sr/Ca ratios of modern A. antiqua shells along the Patagonia Atlantic 
coast. 
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Figure 180 – Sr/Ca mean values and standard deviations of modern A. antiqua 
shells to vary the latitude. 
 
 
U/Ca ratios in Ameghinomya antiqua modern shells coming from modern beaches 
of the Atlantic coast of Patagonia are between 0.04 µmol*10/mol (sample from 
Bahia San Sebastian beach) and 5.58 µmol*10/mol (specimen from Camarones 
South active beach). Mean values range from 0.35±0.27 µmol*10/mol of Bahia San 
Sebastian samples and 1.90±2.47 µmol*10/mol of Camarones South specimens 
(Tab. 22 and Fig. 181). 
As for the ratio Sr/Ca, also U/Ca does not show any gradient and has similar values 
in all the study area (except for the high value found in a Camarones South sample) 
(Fig. 181 and Fig. 182). 
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Figure 181 - U/Ca ratios of modern A. antiqua shells along the Patagonia Atlantic coast. 
 
 
 
Figure 182 – U/Ca mean values and standard deviations of modern A. antiqua 
shells to vary the latitude. 
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In summary, no trend along the Patagonia Atlantic coast is observable for Ba/Ca, 
Fe/Ca, U/Ca and Sr/Ca ratios, showing similar values in all the study area. Mg/Ca 
tends to slightly decrease moving southward. Finally, Mn/Ca show lower values in 
the northern part of the study area, 
 
 
6.4.3. Trace element concentration on fossil marine shells 
 
Trace element analysis was carried out on part of the shells of A. antiqua, 
Aulacomya atra and M. edulis on which stable isotope analysis was performed 
(Chapter 6.3). Holocene and Pleistocene shells analyzed for the trace element 
concentrations are from beach deposits outcropping in the north and south of the 
village of Camarones and in the Bahia Bustamante area (Fig. 121). 
Since the samples analyzed for trace elements are fewer than those analyzed for 
stable isotopes, the results of Holocene and Pleistocene samples are combined in 
a single graph. The trace element contents of fossil shells were compared with 
specimens collected from the modern beach of the same locality.  
 
6.4.3.1. Trace element composition of Holocene Mytilidae shells in Camarones 
North 
  
The analyses were made on some of the shells also analyzed for the stable 
isotopes selected from the section located North of the village of Camarones and 
previously described (Fig. 122). The results of trace element analysis on modern 
and Holocene Mytilidae shells are shown in Tab. 23. 
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Table 23 – Metal/Ca ratios, mean values and standard deviations of modern and 
Holocene shells of Aulacomya atra and Mytilus edulis from Camarones North section. 
 
Modern shells show a great variability for the Ba/Ca ratio with values ranging from 
35.98 µmol/mol to 92.55 µmol/mol and mean value of 63.85±28.29 µmol/mol. These 
values are the lower and the higher values of Ba/Ca respectively between all the 
Mytilidae shells analyzed and the Ba/Ca ratios of the Holocene specimens are 
between these two values (Tab. 123 and Fig. 183). The Ba/Ca ratios of the 
Holocene specimens for each sampled level show a narrower variability than 
modern ones, with concentrations between 49.88 and 61.87 µmol/mol and mean 
value of 56.33±5.82 µmol/mol for the shells from the beach ridge dated to 915±20 yr 
BP, between 37.80 and 49.67 µmol/mol with mean value of 43.82±5.94 µmol/mol 
for the samples collected from the shell middden which gave an age of 4074±50 yr 
BP and between 47.75 and 78.29 µmol/mol (mean value of 58.55±17.13 µmol/mol) 
for the specimens sampled from the older beach deposit dated at 6365±20 yr BP 
(Tab. 23). 
 
SAMPLE Species 14C AGE (uncalibrated) yr BP 14C cal BP 2 sigma Ba/Ca (!mol/mol) Fe/Ca (!mol/mol) Mg/Ca (!mol/mol) Mn/Ca (!mol/mol) Sr/Ca (mmol/mol)*10
WP 60B(1) A.atra -390±20 92.55 19.03 636.83 20.80 5.79
WP 60B(4) A.atra -390±20 63.03 19.98 871.83 20.82 5.99
WP 60B(10) A.atra -390±20 35.98 23.19 705.70 33.01 7.81
mean value 63.85 20.73 738.12 24.88 6.53
standard dev. 28.29 2.18 120.81 7.04 1.11
WP 60A(4) A.atra 915±20 477-560 61.19 18.35 858.28 25.63 5.39
WP 60A(7) A.atra 915±20 477-560 57.92 58.77 872.07 14.38 10.17
WP 60A(9) A.atra 915±20 477-560 49.88 18.61 961.56 16.26 8.53
mean value 56.33 31.91 897.30 18.76 8.03
standard dev. 5.82 23.26 56.07 6.03 2.43
G001(1) A.atra 4074±50 3948-4271 49.67 60.46 1665.14 22.88 9.78
G001(6) A.atra 4074±50 3948-4271 37.80 83.11 650.72 14.48 6.56
G001(7) A.atra 4074±50 3948-4271 43.99 102.59 968.61 17.83 10.76
mean value 43.82 82.06 1094.82 18.40 9.03
standard dev. 5.94 21.08 518.85 4.23 2.20
WP 63B(2) M.edulis 6365±20 6750-6913 78.29 80.71 3941.54 100.72 10.61
WP 63B(5) M.edulis 6365±20 6750-6913 49.71 96.83 4843.72 88.82 2.05
WP 63B(7) M.edulis 6365±20 6750-6913 47.65 66.48 4466.77 140.01 4.45
mean value 58.55 81.34 4417.34 109.85 5.70
standard dev. 17.13 15.19 453.11 26.79 4.42
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Figure 183 – Ba/Ca ratios of modern and Holocene Mytildae shells from Camarones 
North section. 
 
 
Ba/Ca mean values of specimens sampled from all the three Holocene layers are 
rather homogeneous and substantially overlapping with the mean value of modern 
Aulacomya atra shells (Fig. 184). 
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Figure 184 – Ba/Ca mean values and standard deviations of modern and Holocene 
Aulacomya atra and Mytilus edulis from Camarones North area. 
 
 
Lower Fe/Ca contents are found in Aulacomya atra shells selected from the more 
recent Holocene beach ridge (ca. 18 µmol/mol) while the higher value was 
measured in a sample from the Holocene shell midden (102.59. µmol/mol). 
Aulacomya atra modern specimens present Fe/Ca ratios variable between 19.03 
and 23.19 µmol/mol and mean value of 20.73±2.18 µmol/mol, the Holocene shells 
from the beach ridges dated to 915±20 yr BP have Fe/Ca ranging from 18.35 to 
58.77 µmol/mol (mean value of 31.91±23.26 µmol/mol), from 60.46 to 102.59  
µmol/mol, with mean value of 82.06±21.08 µmol/mol, for the specimens from the 
shell midden and from 66.48 to 96.83 µmol/mol (mean value of 81.34±15.19 
µmol/mol) for the samples selected from the layer deposited 6365 years ago (Tab. 
23 and Fig. 185). 
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Figure 185 – Fe/Ca values of modern and Holocene Mytildae shells from 
Camarones North section. 
 
Almost all the Holocene shells have higher Fe/Ca values than modern samples (Fig. 
185 and Fig. 186). The mean values of the two older Holocene deposits are 
substantially the same (Fig. 186). 
 
Figure 186 – Fe/Ca mean ratios and standard deviations of modern and 
Holocene Aulacomya atra and Mytilus edulis from Camarones North 
area.  
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Mytilus edulis shells selected from the beach ridge dated to 6365±20 yr BP show 
the higher Mg/Ca ratios, having values between 3941.54 and 4843.72 µmol/mol and 
mean value of 4417.34±453.11 µmol/mol (Tab. 23 and Figs. 187-188). 
The more recent Holocene shells and the modern individuals present similar Mg/Ca 
content with values from 636.83 to 871.83 µmol/mol (mean value of 738.12±120.81 
µmol/mol) for modern shells, from 858.28 and 961.56 µmol/mol (mean value of 
897.30±56.07 µmol/mol) for the samples collected from the early Holocene beach 
ridge and from 650.72 to 1665.82 µmol/mol with mean value of 1094.82±518.85 
µmol/mol for the shell midden dated to ca. 4070 yr BP (Tab. 23 and Figs. 187-188). 
 
 
 
Figure 187 – Mg/Ca values of modern and Holocene Mytildae shells from Camarones 
North section.  
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Figure 188 – Mg/Ca mean ratios and standard deviations of modern and Holocene 
Aulacomya atra and Mytilus edulis from Camarones North area. 
 
 
The same trend observed for Mg/Ca is shown also for Mn/Ca ratios (Fig. 189 and 
Fig. 190). 
In fact the modern and the younger Holocene deposits have the lower values of 
Mn/Ca, with ratios variable from 20.80 to 33.01 µmol/mol (mean value of 
24.88±7.04 µmol/mol) measured in modern specimens, from 14.38 to 25.63 
µmol/mol (mean value of 18.76±6.03 µmol/mol) for the A. atra samples coming from 
the beach ridge deposited ca. 900 years ago and from 14.4 to 22.88 µmol/mol 
(mean value of 18.40±4.23 µmol/mol) for the shells collected from the shell midden 
(Tab. 23). The Mn/Ca values obtained from the shells which yielded a radiocarbon 
age of 6365±20 yr BP, on the contrary, are up to ten times greater than the other 
Holocene and modern samples  (Tab. 23), with ratios ranging from 88.82 to 140.01 
µmol/mol and mean value of 109.85±28.79 µmol/mol (Fig. 189 and Fig. 190). 
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Figure 189 – Mn/Ca values of modern and Holocene Mytildae shells from Camarones 
North section. 
 
 
Figure 190 – Mn/Ca mean ratios and standard deviations of modern and Holocene 
Aulacomya atra and Mytilus edulis from Camarones North area. 
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   234	  
 
Finally, modern shells of Aulacomya atra show Sr/Ca ratio between 5.79 and 7.81 
mmol*10/mol (mean value of 6.53±1.1 mmol*10/mol), while Holocene specimens 
have values ranging from 5.39 to 10.17 mmol*10/mol (mean value of 8.03±2.43 
mmol*10/mol), from 6.56 to 10.76 mmol*10/mol (mean value of 9.03±2.20 
mmol*10/mol) and from 2.05 to 10.61 mmol*10/mol (mean value of 5.70±4.42 
mmol*10/mol) respectively, going from the more recent to the older beach deposit, 
which show the large strontium variability (Tab. 23 and Fig. 191). 
 
 
 
Figure 191 – Sr/Ca ratios of modern and Holocene Mytildae shells from Camarones 
North section. 
 
 
No significant variation was observed comparing modern and Holocene shells 
belonging to the Mytilidae family as regards the strontium concentration (Fig. 192). 
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Figure 192 – Sr/Ca mean values and standard deviations of modern and Holocene 
Aulacomya atra and Mytilus edulis from Camarones North area. 
 
 
6.4.3.2. Trace element composition of fossil Ameghinomya antiqua shells in 
Camarones area 
 
In Camarones area trace element analysis was carried out on modern and fossil 
Ameghinomya antiqua shells (Tab. 24). The fossil samples come from a Middle 
Holocene beach ridge dated to 5676±45 yr BP and deposited south of Camarones 
village (WP 104, Fig. 127) and from four Pleistocene beach deposits, three of which 
were dated to MIS 5 (WP 64, WP 65 and WP 92) and one to MIS 11 (WP 97; see 
Chapter 6.3.3.1. and Figs. 149-150 for the location of the beach ridges).  
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Table 24 – Metal/Ca ratios, mean values and standard deviations of modern and fossil 
shells of Ameghinomya antiqua from Camarones area. 
 
Ba/Ca is the metal/Ca ratio showing the greater variability in modern and fossil 
shells from Camarones area (Tab. 24). Modern samples, in fact, have Ba/Ca values 
ranging from 2.01 to 26.40 µmol/mol and a mean value of 12.53±9.52 µmol/mol. 
Ba/Ca in Holocene shells is between 5.94 and 12.43 µmol/mol, with a mean value 
of 9.23±3.35 µmol/mol. The Pleistocene specimens collected to beach ridges dated 
to MIS 5 show values variable between 5.59 and 25.41 µmol/mol (mean value of 
12.76±10.99 µmol/mol), between 30.52 and 36.80 µmol/mol (mean value of 
32.95±3.37µmol/mol) and between 11.54 and 42.79 µmol/mol (mean value of 
27.79±15.66 µmol/mol). The Ba/Ca of shells from the older Pleistocene beach ridge 
SAMPLE  AGE (yr BP) Ba/Ca (!mol/mol) Fe/Ca (!mol/mol) Mg/Ca (!mol/mol) Mn/Ca (!mol/mol) Sr/Ca (mmol/mol)*10 U/Ca (!mol*10/mol)
WP60BBIS(1) modern beach 4.23 29.10 557.23 0.74 17.47 0.67
WP60BBIS(2) modern beach 2.01 68.46 547.59 4.92 9.14 0.68
WP60BBIS(3) modern beach 26.40 56.15 537.92 3.33 17.06 0.00
WP623BIS(1) modern beach 18.94 52.49 429.04 2.90 17.76 1.54
WP623BIS(2) modern beach 22.95 19.06 380.36 2.08 17.58 1.84
WP95(2) modern beach 4.28 27.22 767.34 2.51 10.64 0.98
WP95(3) modern beach 19.97 46.95 536.43 4.06 18.35 0.35
WP110(1) modern beach 10.09 53.74 281.84 1.62 11.67 5.58
WP110(2) modern beach 3.94 37.23 211.19 1.07 15.48 0.68
mean value 12.53 43.38 472.11 2.58 15.02 1.37
standard deviation 9.52 16.16 167.01 1.38 3.55 1.68
WP104A(2) 5675±45 12.43 5.91 203.70 1.46 20.08 7.16
WP104A(3) 5675±45 5.94 5.10 225.80 1.23 19.05 4.87
WP104A(4) 5675±45 9.31 9.23 192.73 1.75 17.40 5.30
mean value 9.23 6.74 207.41 1.48 18.84 5.78
standard deviation 3.25 2.19 16.84 0.26 1.35 1.21
WP92A(1) 92000±600 7.26 15.00 220.43 1.65 30.15 3.44
WP92A(2) 92000±600 5.59 8.64 182.33 0.82 33.80 3.59
WP92A(3) 92000±600 25.41 19.40 239.53 1.53 29.71 3.56
mean value 12.76 14.35 214.10 1.33 31.22 3.53
standard deviation 10.99 5.41 29.12 0.45 2.24 0.08
WP64B(1) 121000±900 36.80 13.95 341.18 1.56 27.41 2.74
WP64B(2) 121000±900 31.52 13.05 911.85 1.13 25.39 1.41
WP64B(3) 121000±900 30.52 8.19 190.86 0.93 23.56 1.22
mean value 32.95 11.73 481.29 1.21 25.45 1.79
standard deviation 3.37 3.10 380.37 0.32 1.92 0.83
WP65(2) 130000±2500 11.54 15.66 278.35 1.54 24.11 10.69
WP65(3) 130000±2500 29.05 34.88 270.13 10.88 32.01 10.22
WP65(4) 130000±2500 42.79 44.82 268.47 3.65 24.96 8.10
mean value 27.79 31.79 272.32 5.35 27.03 9.67
standard deviation 15.66 14.83 5.29 4.90 4.33 1.38
WP97(1) 414000±16000 3.80 12.86 216.04 1.82 27.25 7.61
WP97(2) 414000±16000 0.81 5.98 149.71 0.83 19.22 8.69
WP97(3) 414000±16000 22.25 5.34 162.10 0.84 18.50 8.58
mean value 8.95 8.06 175.95 1.16 21.65 8.29
standard deviation 11.61 4.17 35.27 0.57 4.85 0.60
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deposited during MIS 11 ranges from 0.81 to 22.25 µmol/mol, with a mean value of 
8.95±11.61 µmol/mol (Tab. 24 and Figs. 193-194). 
Almost all the Ba/Ca ratios of the fossil shells fall within the range of values of the 
modern samples (Fig. 189), but the specimens selected from the deposit dated at 
121 ka BP show slightly higher values than the modern ones (Fig. 194). 
 
 
Figure 193 – Ba/Ca ratios of modern and fossil A. antiqua shells from Camarones area. 
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Figure 194 – Ba/Ca mean values and standard deviations of modern and fossil  
Ameghinomya antiqua shells from Camarones area. 
 
 
The shells collected from the top active beach (modern) show the higher Fe/Ca 
ratios compared to the fossil specimens (Tab. 24 and Figs. 195-196), having values 
between 19.06 and 68.46 µmol/mol (mean value of 43.38±16.16 µmol/mol). The 
fossil samples, going from the youngest to the oldest deposit, show Fe/Ca values 
between 5.10 and 9.23 µmol/mol (mean value of 6.74±2.19 µmol/mol), between 
8.64 and 19.40 µmol/mol (mean value of 14.35±5.41 µmol/mol), between 8.19 and 
13.95 µmol/mol (mean value of 11.63±3.10 µmol/mol), between 15.66 and 44.82 
µmol/mol (mean value of 31.79±14.83 µmol/mol) and between 5.34 and 12.86 
µmol/mol (mean value of 8.06±4.17 µmol/mol) respectively (Fig. 195). 
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Figure 195 – Fe/Ca ratios of modern and fossil A. antiqua shells from Camarones 
area. 
 
 
Figure 196 – Fe/Ca mean values and standard deviations of modern and fossil  
Ameghinomya antiqua shells from Camarones area. 
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Modern A. antiqua samples with respect to fossil shells also have a content slightly 
higher Mg/Ca content, with the exception of a specimen collected from the beach 
ridge dated at 121 ka BP (Fig. 197). 
Modern samples, in fact, show Mg/Ca values ranging from 211.19 to 767.34 
µmol/mol and a mean value of 472.11±167.01 µmol/mol. Mg/Ca in the Holocene 
shells is between 192.73 and 225.80 µmol/mol, with a mean value of 207.41±16.84 
µmol/mol. The Pleistocene specimens collected in beach ridges dated to MIS 5 
show values variable between 182.33 and 239.53 µmol/mol (mean value of 
214.10±29.12 µmol/mol), between 190.86 and 911.85 µmol/mol (mean value of 
481.29±380.37µmol/mol) and between 268.47 and 278.35 µmol/mol (mean value of 
272.32±5.29 µmol/mol). The Mg/Ca values of shells from the older Pleistocene 
beach ridge deposited during MIS 11 ranges from 149.71 to 216.04 µmol/mol, with 
a mean value of 175.95±35.27 µmol/mol (Tab. 24 and Figs. 197-198). 
 
 
Figure 197 – Mg/Ca ratios of modern and fossil A. antiqua shells from Camarones 
area. 
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Figure 198 – Mg/Ca mean values and standard deviations of modern and fossil  
Ameghinomya antiqua shells from Camarones area. 
 
 
Ameghinomya antiqua shells sampled from the modern beach show Mn/Ca ratios 
between 0.74 and 4.92 µmol/mol, with a mean value of 2.58±1.38 µmol/mol. Mn/Ca 
in the Holocene samples ranges between 1.23 and 1.75 µmol/mol, with a mean 
value of 1.48±0.26 µmol/mol. The Pleistocene specimens collected to beach ridges 
dated to the last interglacial period show values variable between 0.82 and 1.65 
µmol/mol (mean value of 1.33±0.45 µmol/mol), between 0.93 and 1.56 µmol/mol 
(mean value of 1.21±0.32 µmol/mol) and between 1.54 and 10.88 µmol/mol (mean 
value of 5.35±4.90 µmol/mol). The Mn/Ca values of shells from the MIS 11 beach 
ridge ranges from 0.83 to 1.82 µmol/mol, with a mean value of 1.16±0.57 µmol/mol 
(Tab. 24 and Figs. 199-200). 
Mn/Ca content in modern and fossil Camarones shells is fairly homogeneous in all 
the samples analyzed (Tab. 24 and Fig. 199), with small differences substantially 
overlapping (Fig. 200). 
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Figure 199 – Mn/Ca ratios of modern and fossil A. antiqua shells from Camarones 
area.  
 
 
Figure 200 – Mn/Ca mean values and standard deviations of modern and fossil  
Ameghinomya antiqua shells from Camarones area. 
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Sr/Ca in modern shells collected in Camarones area ranges from 9.14 to 18.35 
mmol*10/mol (mean value of 15.02±3.55 mmol*10/mol), in Holocene shells varies 
from 17.40 to 20.08 mmol*10/mol (mean value of 18.84±1.35 mmol*10/mol), in 
specimens dated to 92 ka BP is between 29.71 and 33.80 mmol*10/mol (mean 
value of 31.22±2.24 mmol*10/mol), in those dated to 121 ka BP is between 23.56 
and 27.41 mmol*10/mol (mean value of 25.45±1.92 mmol*10/mol), in individuals 
sampled from the beach ridge dated to 130 ka BP ranges from 24.11 to 32.01 
mmol*10/mol (mean value of 27.03±4.33 mmol*10/mol) and, finally, the shells from 
MIS 9 beach deposit have values from 18.50 to 27.25 mmol*10/mol, with a mean 
value of 21.65±4.85 mmol*10/mol (Tab. 24 and Figs. 201-202). 
The Pleistocene shells, in particular the specimens collected from the beach ridges 
deposited during the Marine Isotope Stage 5, show Sr/Ca ratios higher than modern 
and Holocene samples (Figs. 201-202). 
 
Figure 201 – Sr/Ca ratios of modern and fossil A. antiqua shells from Camarones 
area. 
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Figure 202 – Sr/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Camarones area. 
 
 
Ameghinomya antiqua shells selectioned from the modern beach show U/Ca ratios 
between 0.0 and 5.58 µmol*10/mol, with a mean value of 1.37±1.68 µmol*10/mol. 
U/Ca in the Holocene samples increases and ranges between 4.37 and 7.16 
µmol*10/mol, with a mean value of 5.78±1.21µmol*10/mol. The Pleistocene 
specimens collected to beach ridges dated to the last interglacial period show 
values variable between 3.44 and 3.59 µmol*10/mol (mean value of 3.53±0.08 
µmol*10/mol), between 1.22 and 2.74 µmol*10/mol (mean value of 1.79±0.83 
µmol*10/mol) and between 8.10 and 10.69 µmol*10/mol (mean value of 9.67±1.36 
µmol*10/mol). The U/Ca values of shells from the MIS 11 beach ridge ranges from 
7.61 to 8.69 µmol*10/mol, with a mean value of 8.29±0.60 µmol*10/mol (Tab. 24 
and Figs. 203-204). 
 
Except for the shells sampled from the Pleistocene beach ridge dated at 121 ka BP, 
showing values similar to the modern samples (Fig. 203), all fossil specimens have 
U/Ca ratios higher than the modern ones (Fig. 203 and Fig. 204). 
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Figure 203 – U/Ca ratios of modern and fossil A. antiqua shells from Camarones 
area. 
 
 
Figure 204 – U/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Camarones area. 
 
CHAPTER	  6	  -­‐	  RESULTS	  	  
	  	   246	  
 
6.4.3.3. Trace element composition of fossil Ameghinomya antiqua shells in Bahia 
Bustamante area 	  
In Bahia Bustamante area trace element analysis was performed on modern and 
fossil Ameghinomya antiqua shells (Tab. 25). The fossil samples were collected 
from a Middle Holocene beach ridge dated to 5276±47 yr BP (WP 139, Fig. 135) 
and from four Pleistocene beach deposits, two of which was dated to MIS 5 (WP 
149 and WP 154), one to MIS 7 (WP 176BIS) and one to MIS 9 (WP 197; see 
Chapter 6.3.3.2. and Fig. 154 for the location of the Pleistocene beach ridges).  
 
 
 
Table 25 – Metal/Ca ratios, mean values and standard deviations of modern and fossil 
shells of Ameghinomya antiqua from Bahia Bustamante area. 
 
SAMPLE  AGE (yr BP) Ba/Ca (!mol/mol) Fe/Ca (!mol/mol) Mg/Ca (!mol/mol) Mn/Ca (!mol/mol) Sr/Ca (mmol/mol)*10 U/Ca (!mol*10/mol)
WP237(1) modern beach 2.73 15.43 530.80 0.00 15.69 0.35
WP237(2) modern beach 3.82 21.96 416.98 0.25 14.46 0.42
WP237(4) modern beach 27.46 16.31 451.72 1.50 25.82 0.63
mean value 11.34 17.90 466.50 0.58 18.66 0.47
standard deviation 13.97 3.55 58.33 0.80 6.23 0.14
WP139(2) 5276 ± 47 15.90 26.9266 443.49 11.18 0.82
WP139(4) 5276 ± 47 13.87 16.8143 417.51 0.37 11.70 0.78
mean value 14.88 21.87 430.50 11.44 0.80
standard deviation 1.44 7.15 18.37 0.36 0.03
WP149(1) T1 MIS 5 89000 ± 800 8.71 13.4411 558.18 15.37 0.87
WP149(2) T1 MIS 5 89000 ± 800 8.00 32.3356 436.87 16.63 0.96
WP149(3) T1 MIS 5 89000 ± 800 0.90 16.2629 525.45 21.33 0.83
mean value 5.87 20.68 506.83 17.78 0.89
standard deviation 4.32 10.19 62.76 3.14 0.07
WP154A(1) T3 MIS 5 1.61 26.9541 280.58 17.96 3.83
WP154A(2) T3 MIS 5 3.72 32.6742 231.98 0.29 14.41 5.75
mean value 2.66 29.81 256.28 16.18 4.79
standard deviation 1.49 4.04 34.37 2.51 1.35
WP176BIS(1) MIS7 4.36 22.3993 297.75 0.34 17.77 6.98
WP176BIS(2) MIS7 1.62 32.8984 319.40 14.50 6.23
WP176BIS(3) MIS7 4.22 25.8055 347.15 21.78 4.64
mean value 3.40 27.03 321.44 0.34 18.02 5.95
standard deviation 1.54 5.36 24.76 3.64 1.19
WP197(1) MIS 9 9.42 54.1414 279.77 0.12 12.93 0.01
WP197(2) MIS 9 0.92 20.2764 241.13 15.78 7.60
mean value 5.17 37.21 260.45 14.36 3.80
standard deviation 6.01 23.95 27.32 2.01 5.37
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Ba/Ca in modern shells selected from active beach in Bahia Bustamante area 
ranges from 2.73 to 27.46 µmol/mol (mean value of 11.34±13.97 µmol/mol), in 
Holocene samples varies from 13.97 to 15.90 µmol/mol (mean value of 14.88±1.44 
µmol/mol), in specimens dated to 89 ka BP is between 0.90 and 8.71 µmol/mol 
(mean value of 5.87±4.32 µmol/mol), in those coming from MIS Terrace 3 is 
between 1.61 and 3.72 µmol/mol (mean value of 2.66±1.49 µmol/mol), in individuals 
sampled from the beach ridge dated to MIS 7 ranges from 1.62 to 4.36 µmol/mol 
(mean value of 3.40±1.54 µmol/mol) and, finally, the shells from MIS 9 beach 
deposit have values from 0.92 to 9.42 µmol/mol, with a mean value of 5.17±6.01 
µmol/mol (Tab. 25 and Figs. 205-206). 
As in the case of Camarones, even the shells of Ameghinomya antiqua collected in 
actual beach of Bahia Bustamante show a great variability in the ratio Ba/Ca (Fig. 
206). The samples taken from the various fossil beach ridges instead show low 
Ba/Ca content more homogeneous, which is within the range of values of the 
specimens present (Fig. 206). Holocene shells have a slightly higher Ba/Ca ratio 
than the Pleistocene samples. 
 
 
Figure 205 – Ba/Ca ratios of modern and fossil A. antiqua shells from Bahia 
Bustamante area. 
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Figure 206 – Ba/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Bahia Bustamante area. 
 
 
Fe/Ca ratio varies from 15.43 to 21.96 µmol/mol in the modern shells, which show a 
mean value of 17.90±3.55 µmol/mol; from 16.81 to 26.93 µmol/mol (mean value of 
21.87±7.15 µmol/mol) in Holocene samples; from 13.44 to 32,34 µmol/mol and from 
26.95 to 32.67 µmol/mol for the shells collected from beach ridges deposited during 
the Marine Isotope Stage 5, which have mean values of 20.68±10.19 µmol/mol and 
29.81±4.04 µmol/mol respectively; from 22.90 to 32.90 µmol/mol (mean value of 
27.03±5.36 µmol/mol) for the shells from MIS 7 deposit and from 20.28 to 54.14 for 
the samples selected from MIS 9 beach ridge (Tab. 25 and Fig. 207). 
A. antiqua shells show overall very small differences in Fe content substantially 
overlapping in terms of Fe/Ca ratios (Fig. 207 and Fig. 208). 
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Figure 207 – Fe/Ca ratios of modern and fossil A. antiqua shells from Bahia 
Bustamante area. 
 
 
Figure 208 – Fe/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Bahia Bustamante area. 
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The same shells have Mg/Ca values ranging from 416.97 to 530.80 µmol/mol 
(mean value of 466.50±58.33 µmol/mol), from 417.51 to 443,49 µmol/mol (mean 
value of 430.50±18.37 µmol/mol), from 436.87 to 588.18 µmol/mol (mean value of 
506.83±52.76 µmol/mol), from 231.98 to 280.58 µmol/mol (mean value of 
256.28±34.37 µmol/mol), from 297.75 to 347.15 µmol/mol (mean value of 
321.44±24.76 µmol/mol) and from 241.19 to 279.77 µmol/mol with a mean value of 
260.45 ±27.32 µmol/mol. 
Samples from older Pleistocene deposits have Mg/Ca low values, while the 
Holocene specimens and shells dated to 89 ka BP show very similar ratio to the 
modern specimens (Fig. 209 and Fig. 210). 
 
 
 
Figure 209 – Mg/Ca ratios of modern and fossil A. antiqua shells from Bahia 
Bustamante area. 
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Figure 210 – Mg/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Bahia Bustamante area. 
 
 
The opposite is observed for the ratio U/Ca. In fact, shells selected from the third 
order terrace  (T3 according to Schellmann, 1998) deposited during the last 
interglacial period and from the beach ridges dated at MIS 7 and MIS 9 show higher 
values of U/Ca ratio compared with younger fossil shells and modern individuals 
(Fig. 211 and Fig. 212). Modern shells have values between 0.35 and 0.63 
µmol*10/mol, with the lower mean value of 0.47±0.14 µmol*10/mol. The Holocene 
samples show values from 0.78 and 0.82 µmol*10/mol (mean value of 0.80±0.03 
µmol*10/mol). The younger Pleistocene shells analyzed have U/Ca ratios ranging 
from 0.83 to 0.96 µmol*10/mol (mean value of 0.89±0.07 µmol*10/mol), while the 
samples collected from the T3 dated to MIS 5 from 3.83 to 5.75, with a mean value 
of 4.79±0.1.35 µmol*10/mol. Finally, the specimens collected from MIS 7 and MIS 9 
beach deposits show values from 4.64 to 6.98 and from 0.01 to 7.60 µmol*10/mol 
and mean values of 5.95±1.19 and 3.805.37 µmol*10/mol (Tab. 25 and Figs. 211-
212). 
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Figure 211 – U/Ca ratios of modern and fossil A. antiqua shells from Bahia Bustamante 
area. 
 
 
Figure 212 – U/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Bahia Bustamante area. 
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Finally, no important variation is observed between modern and fossil shell Sr/Ca 
ratios (Fig. 213 and Fig. 214), which vary between 11.18 and 25.82 mmol*10/mol 
with mean values from 11.44±0.36 to 18.02±3.64 mmol*10/mol (Fig. 213 and Fig. 
214). Only the Ameghinomya antiqua specimens collected from the Holocene 
beach ridge dated to 5276±47 yr BP show very slightly lower Sr/Ca values than the 
modern individuals and fossils. 
 
 
Figure 213 – Sr/Ca ratios of modern and fossil A. antiqua shells from Bahia Bustamante 
area. 
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Figure 214 – Sr/Ca mean values and standard deviations of modern and fossil 
Ameghinomya antiqua shells from Bahia Bustamante area. 	  
6.5. STRONTIUM ISOTOPIC COMPOSITION OF MARINE 
SHELLS 	  
Strontium isotope analysis was performed on Ameghinomya antiqua; Aulacomya 
atra and Mytilus edulis shells, selected from modern, Holocene and Pleistocene 
beach deposits (Tab. 26). 87Sr/86Sr ratio ranges from 0.70896±24, for an A. antiqua 
specimen collected in Bahia Solano active beach to 0.709181±31 for a Aulacomya 
atra shell coming from the Camarones modern beach.  
Seawater 87Sr/86Sr presently ranges from 0.70916 to 0.70923 (DePaolo and Ingram, 
1985) and has not fallen below 0.70915 during the Pleistocene (Capo and DePaolo, 
1990).  So the values measured are within the range of marine waters, but leave the 
possibility of small mixing of continental waters.  
It is important to note that the concentration of Sr in river waters is two orders of 
magnitude lower than in sea water (Bowen, 1988; Brunet et al. 2005) and that 
should complicate the recognition of freshwater input, which should be very high to 
be detected in the Sr isotope ratios.  
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Tab. 26 – 87Sr/86Sr ratio in modern and fossil marine shells from beach deposits of 
Atlantic coast of Patagonia. 
                          
sample 87Sr/86Sr error Age (yr BP) Locality Sr (ppm) Species
WP 623BIS(3) 0.70917 21 MODERN Camarones N 1408 Ameghinomya antiqua
WP 271(2) 0.70896 24 MODERN Bahia Solano 1479 Ameghinomya antiqua
WP 272A 0.70905 21 1930 ± 24 Bahia Solano 1523 Ameghinomya antiqua
WP 139(3) 0.70917 19 5276 ± 47 Bahia Bustamante 1720 Ameghinomya antiqua
WP 149(1) 0.70902 23 89000 ± 800 Bahia Bustamante 1822 Ameghinomya antiqua
WP 176BIS (1) 0.70899 20 MIS 7 Bahia Bustamante 1693 Ameghinomya antiqua
WP 97(3) 0.70889 19 MIS 11 Camarones S 1571 Ameghinomya antiqua
WP 60B(3) 0.709181 31 MODERN Camarones N Aulacomya atra
WP 60A(7) 0.709051 21 915±20 Camarones N 750.24 Aulacomya atra
WP 60A(9) 0.709188 28 915±20 Camarones N 637.44 Aulacomya atra
G001(1) 0.709141 22 4074±50 Camarones N 625.66 Aulacomya atra
G001(7) 0.70916 29 4074±50 Camarones N 746.04 Aulacomya atra
WP 63B(1) 0.709127 21 6365±20 Camarones N Mytilus edulis
WP 63B(6) 0.709066 22 6365±20 Camarones N Mytilus edulis
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7. DISCUSSION 
 
7.1. PRESERVATION STATE OF MARINE SHELLS 
 
The selection of suitable well-preserved samples is of paramount importance for 
obtaining reliable results both in chronology and paleoproxy interpretation. Marine 
molluscs are particularly interesting in this respect in what different radiometric 
methods (e.g. 14C, U/Th, ESR) can be applied coupled with chemical analyses to 
reconstruct past environment. For this kind of material is imperative that the 
samples have not undergone any alteration.  
Multiproxy analyses performed on marine modern and fossil (Holocene and 
Pleistocene) shells from Patagonia Atlantic coast show that the degree of 
weathering is quite variable but not enough for undermining the paleoclimatic values 
of the stable isotopes composition and of some trace element. Moreover, samples 
usually seem perfectly suitable for radiocarbon dating. Measurements performed on 
samples within this project (Zanchetta et al., 2012; Ribolini et al., 2011; 2013) 
confirm this after a careful cleaning and preliminary soft acid batch. However, 
samples older from Holocene have experienced subtle alteration (which may 
include also “impregnation”) at the expenses of U enough severe to make 
problematic the application of U/Th dating method. In fact, on the basis of XRD 
powder analysis, petrographic and trace element screening tests (comparison 
between marine shells and paleosols), a large dataset of unaltered bivalves with 
aragonite (Ameghinomya antiqua species) or mixed aragonite-calcite (Mytilus edulis 
and Aualcomya atra species) composition of the shells was identified for the 
reconstruction of paleoceanographic evolution during the Holocene and the 
Pleistocene of the Atlantic coast of Patagonia in the vicinity of San Jorge Gulf. 
Fossil Ameghinomya antiqua shells are preserved in their pristine aragonite 
mineralogy and in their biogeochemistry because the trace element contents of 
many samples correspond well to those recorded in unaltered recent counterparts, 
which show very different values compared to continental carbonates (i.e. 
pedogenic carbonate). In this frame pedogenic carbonate are seen as potential 
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counterpart of fluid potentially producing alteration. 
On the contrary, in fossil A. antiqua specimens, post-mortem uranium migration 
processes are observed (Fig. 204 and Fig. 211). A secondary U uptake in fossil 
shells is showed also in Fig. 215, where U/Ca is compared with the Ba/Ca, which is 
considered immobile during diagenesis processes (Brand & Morrison, 1987; Brand, 
1989). 
 
 
Fig. 215 – U/Ca vs Ba/Ca ratios in modern and fossil Ameghinomya antiqua shells. 
 
As it is possible to see modern shells have very narrow range of values for U 
(0.90±1.12 µmol*10/mol), but very large variability in the Ba/Ca. This indicates (as 
well known, Ku et al., 1977; Chen et al., 1986; Henderson, 2002) that U 
concentration over the seas is quite constant but the Ba/Ca is more variable and 
indicator of local conditions as circulation, upwelling (Vander Putten et al., 2000; 
Gillikin et al., 2006). 
However, some modern shells seem to have higher values, which it may suggest 
that locally the U concentration would be different giving more local information. 
This may also open the possibility that not all the high values in fossil shells are 
necessary indication of alteration and U uptake. Instead, Holocene shells show 
most values comprised (2.06±2.64 µmol*10/mol) within the modern values, but 
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some show an evident enrichment. This can indicate that U uptake was already 
present early after shell burial. Pleistocene sample show variable degrees of U 
uptake (from 0.01 to 10.69 µmol*10/mol) but usually far from modern samples.  
At this stage, despite some encouraging trials application of the U/Th method to 
Patagonian shells, they appear still problematic and confirm the complexity of the 
problem already noted in international literature (Broecker, 1963; Blanchard et al., 
1967; Kaufman et al., 1971; 1996; McLaren and Rowe, 1996; Labonne and Hillaire-
Marcel, 2000) and in particular the application of Patagonian shells (Rostami et al., 
2000; Schellmann & Radtke, 2000; 2003). Considering the problems related to ESR 
dating (which it has been used as alternative methods for dating in the area, 
Schellmann & Radtke, 1997, 1999; Schellmann et al., 2004, 2008), we can 
conclude that chronology of Pleistocene deposits is still problematic for the 
Patagonian Atlantic coast. 
 
 
7.2. MODERN MARINE SHELLS: STABLE ISOTOPE COMPOSITION 
AND TRACE ELEMENT CONCENTRATIONS 
 
Stable isotope analyses on modern marine shells were performed on three species 
of bivalves: Ameghinomya antiqua, Mytilus edulis and Aulacomya atra. 
Mytilus edulis shells show an increase in δ18O values moving southwards (Fig. 216). 
The same trend is observed for the carbon isotopic composition of the same 
specimens (Fig. 217).  
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Figure 216 – Variations in modern Mytilus edulis δ18O with latitude. 
 
Figure 217 – Variations in modern Mytilus edulis δ13C with latitude. 
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The changes in isotopic composition do not seem to be related to variations in 
isotopic composition of seawater. Figure 218 shows the oxygen isotopic 
composition of regional seawater, indicating that average values are around -0.3‰.   
 
Figure 218 – Global oxygen isotopic composition of seawater (Schmidt et al., 1999). 
 
This is also visible on water salinity, since the salinity in the area of study is rather 
homogeneous, amounting to approximately 33‰ (Fig. 219), even if figure 219 
cannot completely capture the very local, nearshore, variability. Therefore, the 
latitudinal gradient can probably better related to variations in seawater temperature, 
which from north to south of the study area equal to about 5° C (Fig. 220). This fact 
is of particular interest for possible paleoclimatic reconstruction. 
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Figure 219 – Salinity of seawater along the Atlantic coast of Patagonia (from 
Falabella et al., 2009). The red rectangle indicates the study area. 
 
 
In fact, having an average Δδ18O=0.94‰ (Fig. 216) from north to south and 
assuming a Δδ18O/ΔT = -0.2‰/°C as due to isotopic fractionation (Kim & O’Neil, 
1997), this changes in oxygen isotopic composition are in agreement with seawater 
temperature variations. 
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Figure 220 – Seawater temperature along the Atlantic coast of Patagonia (from 
Falabella et al., 2009). The black arrows indicate the boundaries of the study area.  
 
 
Despite, generally the oxygen and carbon isotopic compositions of modern A. antiqua 
follow a general latitudinal trend there is a clear anomaly with lower values in the Gulf 
of S. Jorge (Fig. 221 and Fig. 222), which is not recorded by Mytilus edulis.   
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Figure 221 – Variations in modern Ameghinomya antiqua δ18O with latitude. 
 
Figure 222 – Variations in modern Ameghinomya antiqua δ13C with latitude. 
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Whereas Mytilus edulis lives in shallower waters than Ameghinomya antiqua, it is 
possible that the latter is affected much less than the surface variations in salinity 
and temperature of the water. It is possible, moreover, that the populations living 
within the Gulf are subject to anomaly of the local thermal gradient of depth that can 
be due to the presence of currents at low depth which does not influence the Mytilus 
edulis.  
On the other hands the concentrations of trace elements indicate that there are no 
systematic variations with salinity and temperature and therefore the local effect is 
extremely important in governing their distribution within shells. 
Nevertheless, the higher values of Mn/Ca (Fig. 223) are from the same area where 
lower carbon and oxygen isotopic compositions were found (Fig. 216 and Fig. 217).  
 
Figure 223 – Mn/Ca ratio in modern A. antiqua varying the latitude. 
 
 
This could be explained with weak mixing between freshwater and seawater, recorded 
only from the trace elements that are more concentrated in freshwater (e.g. Mn) than 
in sea water and by small signal in oxygen and carbon isotope composition, having 
DIC values isotopic composition and water oxygen isotopic composition lower in 
freshwater than in the seawater (Mook & Tan, 1991). Indeed, along the Patagonian 
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coast it has been reported (Cordero et al., 2003; Gomez et al., 2008) of watershed and 
groundwater discharge of old bicarbonates in inshore zone that mix freshwater with 
seawater in marine environment causing anomalies in 14C reservoir effect. Living the A. 
antiqua as infaunal in the sediment from which freshwaters go back and mix locally 
with seawater, the composition of the pore water may have different isotopic 
composition and content of trace elements. This would explain why these changes do 
not affect the specimens of Mytilus edulis, which is sessile, and need hard substrates 
and this latter show a good correlation with temperature gradient. 
The absence of variations in the Sr/Ca ratio in modern shells from the Atlantic coast of 
Patagonia, on the contrary, is not surprising, since the Sr content in carbonate shells is 
closely related to the content of Sr in seawater, the concentration of which is two 
orders of magnitude higher than the concentration of Sr in the waters of the rivers 
(Bowen, 1988; Brunet et al., 2005) and which cannot affected by modest mixing with 
water. Nevertheless, no correlation between Sr/Ca ratios and temperature was 
observed. However, it is interesting to note that the slight decrease of Mg/Ca of 
modern shells moving southward is consistent with a progressively lowering of 
seawater temperature (Fig. 224 and Fig. 225), suggesting a correlation between 
mollusc shell Mg incorporation and temperature, which has already supposed by more 
detailed studies (Dodd, 1965; Klein et al., 1996).  
 
 
Figure 224 – Mg/Ca trend in modern A. antiqua shells from 
north to south of the study area. 
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Figure 225 – Mg/Ca trend in modern A. antiqua shells and 
seawater temperature from north to south of the study area. 
 
 
7.3. FOSSIL MARINE SHELLS: STABLE ISOTOPE COMPOSITION 
AND TRACE ELEMENT CONCENTRATIONS 
 
7.3.1. Stable isotope composition and trace element content of 
Holocene Mytilidae shells in Camarones North 
 
Based on Sr isotopic data from ca. 6000 to 900 yr BP the marine water had similar 
composition overlapping those of modern shell samples (Tab. 26, Fig. 124). 
Because the measured values are within the range of marine waters (DePaolo and 
Ingram, 1985), there is no evidence of mixing with freshwaters, which should alter 
the marine 87Sr/86Sr ratio. However, this could be a weak argument due to the large 
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Sr reservoir represent by the sea (about 8 ppm, Nagaya et al., 1971; de Villiers, 
1999) compared to the Sr content of Patagonia river waters (about 50 ppb 
according to Brunet et al., 2005) and for the current absence of big river in the area 
even the selected sections are close to a river mouth. The substantial stable 
conditions of the environment similar to the present seem to be supported by the 
very similar isotopic composition and trace element in samples of the last 4000 yr 
(Fig. 226 and Fig. 227).  
 
Figure 226 – Stable isotope composition of shells from the last 4000 yr. 
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Figure 227 – Trace element concentrations of Mytilidae shells from the last 4000 yr. 
 
High Mn and Fe throughout Middle Holocene shells dated to 6365±20 yr BP, on the 
contrary, could be evidence that Ca-substituting ions in the mixed calcite-aragonite 
lattice of some diagenetic modification. However, Mytilus edulis shells did not 
undergo major diagenetic alteration, since the shells appear extremely well 
preserved, and having the same mineralogical composition compared to the 
modern shells and oxygen and carbon do not appear to have exchanged with 
meteoric water for their positive values. Moreover, the radiocarbon age is in perfect 
agreement with the stratigraphic position of these shells at the base of the Holocene 
marine transgression (Zanchetta et al., 2012). Provided that alteration is not 
occurred, high positive δ18O values seem to indicate a significant change in the 
isotopic composition (salinity) and/or temperature of marine water in Camarones 
area occurring between ca. 6300 and 4000 yr BP.   
If only temperature is considered, a change of ca. 1‰ from shells dated at ca. 4 ka, 
0.9 ka, modern and that dated at ca. 6 ka can be explained with a decrease of 
temperature of ca. 5°C (assuming that the fractionation factor between water and 
calcium carbonate is ca. 0.2‰/°C according to Kim and O’Neil, 1997). Nevertheless, 
paleontological evidences from mollusc shells from the area suggest that during the 
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middle Holocene waters were warmer than Late Holocene and modern conditions 
(Aguirre et al., 2008), so a significant cooling should be excluded.  
Therefore, an important change in salinity could be responsible for the higher 
oxygen isotope values at a. 6 ka, with shells of this age were living in an 
environment 18O-enriched, and, as suggested by mollusc associations (Aguirre et 
al., 2008), in a warmer environment. This could be accounted by the descending 
influence of the Brazilian current, compared to its front position now located 
northward. If Mg/Ca reflect variations in ambient temperature, so with higher 
temperature during the deposition of the Mid-Holocene beach ridge 6000 yr-old (Fig. 
187) and considering that the saltier and warmer Brazilian current shows higher 
oxygen isotopic composition than the Malvinas current (Schmidt et al., 1999), can 
be assumed that a southward shift of the warm Brazilian current, likely connected 
with the Mid-Holocene “Climatic Optimum”, occurred (Fig. 228). This conclusion, 
which is intriguing at this stage, is not the only one possible. 
 
Figure 228 – Modern and Middle Holocene (ca. 6000 yr BP) tentative position of 
marine currents based on oxygen isotopic composition of seawater (qualitative). 
 
High positive δ13C values in the ca. 6000 yr-old shells suggest they grew in 12C-
depleted waters, possibly highly productive (Grossman, 1984; Purton and Braiser, 
1997; Takesue and van Geen, 2004). Then, high values of δ18O and δ13C should 
suggest that Mytilus edulis grew in a low energy environment such as a protected 
embayment or lagoon, in which evaporative phenomenon can have a significant 
role and on which also mixing with local river waters can be detectable effect on 
trace elements like Fe and Mn and characterized by high eutrophy. Nevertheless, 
same higher values of oxygen and carbon stable isotopes are found for 
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Ameghinomya antiqua shells (less tolerant to changes in salinity than Mytilus edulis 
and living in strictly marine environment) collected from beach ridges deposited 
from 5800 yr BP south of Camarones village (Fig. 231). 
Because these shells were collected in some of the most internal ridges in the area 
corresponding to the older phases of the Holocene marine transgression 
(Schellmann and Radke, 2010; Zanchetta et al., 2012), these values may represent 
just the expression of particular conditions developed during this phase: large 
embayment was produced in the area at that time with possibly the presence of 
protected environments and lagoon (Zanchetta et al., 2012).  
 
7.3.2. Stable isotope composition of Holocene Mytilidae shells in 
Camarones area 
Integrating the isotopic data from Camarones North with the stable isotope results 
obtained on Mytilus edulis shells from Camarones South it is possible to observe 
that in all Camarones area no changes in oxygen isotopic composition occurred 
since ca. 5700 yr BP, suggesting that variations in seawater isotope composition 
and temperature took place between 5700 and 6300 yr BP (Fig. 229), as confirmed 
by stable isotopic results on Holocene Ameghynomya antiqua shells (Fig. 231). On 
the contrary, the source of dissolved inorganic carbon changed during all the 
Holocene (Fig. 230) but remained quite high between ca. 5700 and 6300 yr. This 
may suggest that was still locally characterized by high consumption of 12C, possibly 
indicating still persistence of lagoonal conditions with restricted circulation and local 
high biological activity. This trend seems reasonably correlated with the progressive 
development of the local transgressive-regressive cycle of the Holocene. During the 
first part when sea-level rise was fast (faster than local glacioisostatic adjustment), 
the sea penetrate deep into previous incised valley producing articulate 
morphologies, embayment and lagoons, favorable for development of local 
condition of restricted circulation enhanced by the macrotidal regime of the area. 
When the rate of sea level was reduced and sediment supply sufficient, coastline 
retreated and the coast became less articulated and the general environment was 
more connected to the sea. In this view (which can know exceptions) the carbon 
isotope composition could indicate that this transition occurred in the Camarones 
area at ca. 5600 yr BP (Fig. 230).  
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Figure 229 – Oxygen isotope composition of Holocene Mytilidae shells in 
Camarones area. The dots are referred to M. edulis, triangles to A. atra and 
diamonds to both. 
 
Figure 230 – Carbon isotope composition of Holocene Mytilidae shells in 
Camarones area. The dots are referred to M. edulis, triangles to A. atra and 
diamonds to both. 
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7.3.3. Stable isotope changes in Ameghinomya antiqua shells 
during the Holocene 
 
Comparisons between A. antiqua shells selected from Holocene beach deposits 
outcropping along the study area reveal that, as observed for modern shells, the 
δ18O values of Holocene specimens increase moving southward (Fig. 231). In fact, 
shells collected from beach ridges deposited at the same age show more positive 
oxygen isotopic composition for the individuals collected in the southern part of the 
study area (Caleta Olivia) than in the north. These results would suggest that also 
during the Holocene a progressive decrease of the temperature going south took 
place.  However, Fig. 231 suggests an important point: the present gradient of ca. 
0.5‰ between the northern and southern localities (Caleta Olivia) present today is 
progressively lost during the Holocene. Moreover, all the selected sites show 18O-
enriched values during the Holocene compared to the modern samples, even if 
some variability is present. This may indicate that today the influence of Malvinas 
current (fresher, colder and with lower isotopic composition, Fig. 218) is much 
stronger than in the past and, if the proposed interpretation for Camarones North is 
applicable, that during the Holocene the Brazilian current has exerted a major role 
southward. 
So two different species with different ecological requirements (M. edulis more 
euryhaline than A. antiqua) point to the similar conclusion: previous ca. 5600  yr BP 
water appears more saline (higher δ18O values) with higher δ13C (more eutrophic?) 
and probably warmer (as suggested by paleontological data of Aguirre et al., 2008 
and Mg/Ca ratio). A. antiqua, whose condition changed during time with period of 
higher δ18O, can support the notion that influence of Malvinas current (strong today) 
was less in the past or at least in some period. The chronological resolution we 
have cannot allow to detail where this influence stopped and if there was period 
much similar to present. Summing up seems that local effect can have minor role 
and that these values may represent genuine shift in the warmer Brazilian current. It 
is also possible that during warmer climate wetter condition prevailed increasing 
discharge of local aquifers of small rivers producing a small effect on trace element 
but not affecting in a particular way isotopic composition of waters changed toward 
generally higher isotopic values.  
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Figure 231 – Oxygen isotope composition of Holocene Ameghinomya antiqua shells 
collected from Atlantic Patagonia beach deposits. 
 
Carbon isotopic composition of Holocene Ameghinomya antiqua shells results often 
more positive than modern specimens in all the localities studied except for Caleta 
Olivia, where modern and Holocene shells show similar δ13C values (Fig. 232). This 
appears similar to what seen for Camarones for the Mytilidae specimens, in a way 
that may suggest that Brazilian current is not only saltier and more isotopically 
enriched compared to Malvinas but probably also characterized by higher δ13C, as 
indicated by the data obtained by Kroopnick, 1980. 
 
 
CHAPTER	  7	  -­‐	  DISCUSSION	  	  
	  	   274	  
 
Figure 232 – Carbon isotope composition of Holocene Ameghinomya antiqua shells 
collected from Atlantic Patagonia beach deposits. 
 
 
7.3.4. Stable isotope composition and trace element 
concentrations of Pleistocene Ameghinomya antiqua shells  
 
The A. antiqua shells sampled from beach deposits outcropping in Camarones and 
Bahia Bustamante dated at MIS 5 show oxygen mean values slightly higher than 
modern and older Pleistocene shells, which instead are quite similar (Fig. 233). 
However, standard deviations from mean values do not allow differentiating them. 
All Pleistocene shells δ13C mean values are more positive than the modern shell 
mean value, but even in this case the high standard deviations from mean values 
make that the valuesoverlap (Fig. 234). The higher values of δ18O and δ13C in A. 
antiqua shells from beach ridges deposited during the last interglacial in Camarones 
and Bahia Bustamante should indicate, as during middle Holocene, that the 
Brazilian current had a stronger influence down to Bahia Bustamante, while lost its 
influence in Caleta Olivia. In Caleta Olivia, in fact, specimens from Pleistocene 
beach deposits belonging to the different MIS show mean values of the isotopic 
composition rather homogeneous both for oxygen both for carbon and substantially 
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overlapping with the mean values of modern Ameghinomya antiqua shells, 
suggesting that the general conditions of the littoral environment during the Mid-
Late Pleistocene highstands were similar, in this area, to the modern nearshore. 
Comparing the oxygen isotopic composition of Pleistocene A. antiqua shells 
collected from various beach ridges along the Patagonia Atlantic coast it is possible 
to observe that, unlike Holocene (when in older periods this signal is lost) the shells 
selected from beach sediments deposited during Mid-Late Pleistocene interglacials 
in the southern part of the study area (Caleta Olivia), in particular during MIS 7 and 
MIS 9, have higher values of δ18O than specimens collected further north (Fig. 233), 
while the carbon isotopic composition does not show this trend (Fig. 234). This 
suggest that the Malvinas/Falkland Current may have been active along the 
Patagonia Atlantic coast at least since Mid-Late Pleistocene, as also indicated by 
Patagonian fossil assemblages (Aguirre et al., 2008) and that probably during the 
Middle Pleistocene interglacials the Malvinas/Falkland current was stronger than 
during the middle Holocene (and probably during the last interglacial period).   
 
Figure 233 – Oxygen isotope composition of Pleistocene Ameghinomya antiqua 
shells collected from Atlantic Patagonia beach deposits. 
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Figure 234 – Carbon isotope composition of Pleistocene Ameghinomya antiqua shells 
collected from Atlantic Patagonia beach deposits. 
 
Trace element results obtained from fossil A. antiqua shells from Camarones area 
indicate that fossil specimens show lower contents of Fe, Mn and Mg (present in 
large concentrations in continental waters and paleosols from the study area) and 
higher values of Sr than the modern individuals (Fig. 235). These data could 
suggest a subtle mixing between seawater and freshwater for modern 
Ameghinomya antiqua shells, while fossil shells have characteristics more strictly 
marine.  
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Figure 235 – Trace element concentrations (Fe/Ca, Mg/Ca, Mn/Ca, Sr/Ca) in modern 
and fossil A. antiqua shells from Camarones area. 
 
Finally, fossil shells collected from the older Pleistocene deposits from Bahia 
Bustamante show slightly lower values of Mg/Ca ratio (Fig. 236) and of δ18O (Fig. 
233) and δ13C (Fig. 234), suggesting a stronger influence of Malvinas/Falkland 
current during the Marine Isotope Stage 7 and 9 in comparison to more recent 
interglacial periods. 
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Figure 236 – Mg/Ca ratio in modern and fossil A. antiqua shells from Bahia 
Bustamante area. 
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8. CONCLUSIONS 	  
In this study paleoenvironmental and paleoclimatic reconstructions based on 
geochemical analyses (stable isotopes and trace elements) of marine shells from 
Atlantic coast of Argentine Patagonia have been proposed in order to understand 
the effects of climate changes on this coastal environment. The general hypothesis 
which motivated this was linked to paleontological evidence that the position of the 
Falkland/Malvinas and Brazilian current boundaries were changed during time and 
can have been recognized in the spectacular raised beach deposit of Atlantic 
Patagonian coast. If this occurred we can except some differences between the 
different interglacials and within the same interglacials. For doing this, a good 
geological and chronological control of the studied section was necessary and this 
was achieved with very detailed fieldwork within the projects funded by the 
University of Pisa (Progetto Ateneo 2007) and the Ministry of Education, University 
and Research (PRIN 2009). In addition, in this thesis we have try to test the 
potential applicability of U/Th on marine shells, having in mind that this is not a 
simple task. The results were encouraging but still a lot of work has to do.  
To have robust starting point for comparison of the data with the fossils, a significant 
number of modern shells along a latitudinal transect was analyzed for 
understanding the latitudinal patterns. 
The values of the isotopic composition and trace elements of modern and fossil 
marine shells, despite complex, confirm that the “work hypothesis” was correct, and 
the data available have yielded important paleoclimatic and paleoenvironmental 
information in regard to areas and chronological intervals considered. 
The achieved results are particularly important because the study was carried out 
on deposits practically unexplored as climatic archives. 
Specifically conclusions derived from this study are: 
 
1. The geochemical data of marine faunas analyzed demonstrate the 
suitability of Ameghinomya antiqua and Mytilidae family specimens as potential 
proxies for paleoclimatic studies (and for radiocarbon dating) even if the effects of 
diagenesis are present and can influence largely the U/Th dating, fact already 
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known but which is confirmed in this study. Because the samples (marine molluscs) 
are representative must not have undergone any mineralogical change. Thanks to 
the good state of preservation of the samples tested by appropriate analysis, it was 
possible to carry out the stable isotope and trace element analysis.  
 
2. Modern M. edulis shells show an increase both in oxygen and in carbon 
isotope composition moving southward along the Patagonia Atlantic coast. The 
observed latitudinal gradient can be related to changes in seawater temperature. 
The modern data show that this gradient is in part difficult to understand for A. 
antiqua and this can be explained with phenomena of subtle local mixing with 
freshwater. This also opens the possibility (which is then used in the interpretation) 
that some elements such as Fe and Mn can be used as indicators of local mixing 
with freshwater, or at least on a certain range of concentrations; for too high values, 
in fact, we are in the presence of diagenetic phenomena.  
 
3. Albeit in a complex way, Holocene data suggest that geochemical data can 
be used both as indicators of a progressive variation of coastal morphology and of 
the presence of more or less closed environments that progressively go to 
conditions of full opening to the sea as Holocene transgressive regressive cycle 
progress (and in this area in concomitance with strong glacioisostatic adjustments), 
but can be used also in relation to a greater influence of the Brazilian current, which 
took place about 6000 yr ago, than it does nowadays. Variations in the relative 
position between the two oceanic currents may have occurred during the Middle 
Holocene, as derived from two different species of marine bivalves (A. antiqua and 
M. edulis). 
 
4. The data of Mid-Late Pleistocene interglacials suggest that the Marine 
Isotope Stage 5 was different from an isotopic point of view, having higher oxygen 
isotopic compositions and suggesting a greater influence of the Brazilian current 
down to Bahia Bustamante. 
 
5. In the end, the obtained data, if placed in a well-defined chronological 
framework, allow us to affirm that these archives have a substantial potential to 
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unravel the paleoceanographic evolution of unexplored coastal areas. Such data 
can elucidate regional and continental-scale climate patterns. The importance of 
marine recorders from southern South America becomes apparent when 
considering the well-known role of the Southern Ocean in regulating the global 
climate.
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A.1 Powder X-ray diffraction analysis 
 
Ameghynomya antiqua 
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Aulacomya atra 
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Mytilus edulis 
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A.2 Radiocarbon dating 	  
	  	  	  	  	  	  	  	  
Sample name species Method age yr BP ± Area
WP39(1) Aulacomya atra 14C 6055 20 Cabo Raso
WP41(2) Brachidontes purpuratus 14C 4500 20 Cabo Raso
WP60A(2) Aulacomya atra 14C 915 20 Camarones North
WP60B(2) Aulacomya atra 14C -390 20 Camarones North
WP63A(1) Ameghinomya antiqua 14C 26110 100 Camarones North
WP63A(2) Ameghinomya antiqua 14C 38906 877 Camarones North
WP63B(3) Mytilus edulis 14C 6365 20 Camarones North
G001 Nacella (Patinigera) deaurata 14C 4074 50 Camarones North
WP 104A Ameghinomya antiqua 14C 5675 45 Camarones Sud
WP 139 Ameghinomya antiqua 14C 5276 47 Bahia Bustamante
WP 144 Ameghinomya antiqua 14C 4693 59 Bahia Bustamante
WP 145B Brachidontes purpuratus 14C 1874 39 Bahia Bustamante
WP 256B Ameghinomya antiqua 14C 4138 41 Bahia Bustamante
WP 272 A Ameghinomya antiqua 14C 1930 24 Bahia Solano
WP 275A Ameghinomya antiqua 14C 2133 62 Bahia Solano
WP344 Nacella (Patinigera) deaurata 14C 881 32 Puerto Deseado
WP 307(1) Adelomelon  ferussacii 14C 3605 25 Puerto Deseado
WP 307(2) Adelomelon  ferussacii 14C 3310 25 Puerto Deseado
WP 383 Nacella (Patinigera) deaurata 14C 3519 24 Puerto Deseado
WP 383 Aulacomya atra 14C 3527 42 Puerto Deseado
WP 323 Aulacomya atra 14C 709 32 Puerto Deseado
WP 301 D crosta 14C 25780 160 Puerto Deseado
WP 385 Brachidontes purpuratus 14C 41600 1200 Puerto Deseado
WP 385 Brachidontes purpuratus 14C 45884 2061 Puerto Deseado
WP 381 Nacella (Patinigera) deaurata 14C 2081 25 Puerto Deseado
WP 312 Adelomelon  ferussacii 14C 2382 60 Puerto Deseado
WP 313 Adelomelon  ferussacii 14C 1445 43 Puerto Deseado
WP 315 Nacella (Patinigera) deaurata 14C 2343 48 Puerto Deseado
WP 468A Ameghinomya antiqua 14C 539 38 Caleta Olivia
WP 462B suolo pedogenetico 14C 27900 320 Caleta Olivia
WPI 38 Aulacomya atra 14C 2226 60 Puerto Deseado
WPI 39 Aulacomya atra 14C 476 59 Puerto Deseado
AO 91 Mytilus edulis 14C 2798 65 Bahia Bustamante
AO 92 Mytilus edulis 14C 2853 40 Bahia Bustamante
AO 93a Ameghinomya antiqua 14C 5154 60 Bahia Bustamante
AO 95 Aulacomya atra 14C 626 36 Bahia Bustamante
AO 154B balanide 14C 5132 67 Camarones Sud
AO 154D Mytilus edulis 14C 5567 44 Camarones Sud
AO 164 Mytilus edulis 14C 5370 60 Camarones
AO 190 Mytilus edulis 14C 6486 46 Camarones North
AO 194 incrostazione 14C 5432 60 Camarones North
WPI 424 balanide 14C 5641 46 Camarones Sud
WPI 436 Mytilus edulis 14C 5562 43 Camarones Sud
WPI 436A balanide 14C 5515 50 Camarones Sud
WPI 436B incrostazione 14C 4995 89 Camarones Sud
PDP 1 (AO 79) Mytilus edulis 14C 5851 39 Puerto Deseado
PDP 2 (AO 78) Mytilus edulis 14C 4259 92 Puerto Deseado
PDN 1 (WPI 138) Nacella (Patinigera) deaurata 14C 619 37 Puerto Deseado
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A.3 Stable isotope analysis 
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A.4 Trace element analysis 	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